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ABSTRACT
This dissertation work can be divided into two parts: (1) an experimental section 
involving synthesis and electrochemical testing of (a) Li-Mg and (b) columnar Si anodes 
for high capacity Li-ion batteries, and (2) a theoretical modeling section in which 
analytical modeling frameworks are developed to predict (a) electrochemical 
charge/discharge behavior of amorphous Si thin film anodes, and (b) the discharge 
characteristics of a graphite/LiFePO4 cell.
In the first part of the experimental work, two Li(Mg) alloys with nominal 
compositions, Li-60 wt.% Mg (Li7Mg3) and Li-30 wt.% Mg (Li8Mg) were synthesized by 
direct alloying. These alloys showed electrochemical discharge characteristics that were 
comparable with those of pure Li. A phase transition, from the BCC Li(Mg) P-phase to 
the HCP Mg(Li) a-phase, was found to occur during the discharge. The Li(Mg) 
electrodes also showed some degree of reversibility when cycled against LiCoO2 and Li.
In the second part of the experimental work, four different columnar Si structures 
were obtained by electrochemical etching. Si electrodes with porosities between 50-65% 
and with clear columnar structures showed reversible lithiation/delithiation capacities 
greater than 1000 mAh/g after 20 cycles, which is higher than the reported values in 
literature for Si anodes with similar structures. The Si electrode with wide interconnected 
pores showed poor electrochemical performance. The Si columns in the cycled electrodes 
appeared to be largely intact after 20 cycles.
In the theoretical modeling work, we first developed an analytical modeling 
framework to predict the lithiation/delithiation behavior of amorphous Si (a-Si) thin film 
electrodes. Li transport through the electrode (by diffusion) and electrochemical charge 
transfer at the electrode-electrolyte interface were described mathematically in this 
model. The simulated charge/discharge characteristics agreed well with the experimental 
data of a-Si thin film anodes at different C-rates.
An integrated model was developed to predict the discharge characteristics of a 
full cell consisting of graphite anode and LiFePO4 cathode. In this model, the phase 
boundary movement within the LiFePO4  electrode upon lithiation was described. When 
the simulation results for LiFePO4/Li and LiC6/Li half cells were coupled together, they 
were found to predict successfully the discharge behavior of a capacity-matched 
graphite/LiFePO4 cell.
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Li-ion batteries have become the most widely used type of secondary batteries for 
portable electronic devices. They are preferred over other secondary battery systems such 
as Ni-Cd and Ni-MH cells, because of their higher gravimetric and volumetric 
capacities1. While Ni-Cd and Ni-MH cells have specific energies of 30-60 and 50-90 
Wh/kg, respectively, a conventional Li-ion cell offers higher specific energy of 90-115 
Wh/kg2. Amongst all rechargeable systems, Li-ion batteries offer the highest operating 
voltages, in the range of 3-5 V. Also, Li-ion cells have minimal self-discharge and lower 
maintenance requirements 3 4
Conventional Li-ion cells use LiCoO2 as the cathode material and a graphitic 
anode, an electrode combination which was first developed by Sony 5 in the early 1990s. 
In these “rocking chair batteries,” Li+ ions are shuttled back and forth between LiCoO2 
and graphite. These Li-ion cells have long cycle life, higher energy densities than NiCd 
batteries, and no major safety problems. However, miniaturization of electronic devices, 
development of next generation electric vehicles, and effective storage of renewable 
energy from wind and solar power generating stations require a manifold increase in the 
energy densities of batteries 3 4
While the specific energy and specific power provided by Li-ion batteries are 
sufficient to satisfy the requirements of hybrid-electric vehicles, all electric-vehicles 
require much larger energy capacities (See Figure 1.1). Therefore, further increases in 
energy density and functionality in terms of charge and discharge rates, are required if Li- 
based batteries are to become a practical reality in transportation and power industry. 
Such improvements cannot be achieved using conventional graphitic anodes and LiCoO2
2
3Figure 1.1 The specific energy and power capacities of several battery technologies for 
use in electric vehicles. Reprinted with permission from V. Srinivasan, Batteries for 
vehicular applications, AIP Conference Proceedings 1044, 283 , 20086. Copyright 2008, 
AIP Publishing LLC.
cathodes.
1.2 Alloy Anodes for Li-ion Batteries
The total cell capacity depends on the capacities of anode and cathode. While new
7 * 8 * 9 10cathode systems, such as Li[NixCo1-2xMnx]O2 , Li-Mn-O spinels , LiFePO4 , are 
being investigated, it has been shown that they can lead to an increase of only 10-20% in 
the total capacity, which is not sufficient for plug-in electric vehicle applications. Hence, 
researchers are examining different anode systems which can provide superior capacities. 
Particularly, Li alloy anodes have attracted a lot of attention because their theoretical 
capacities are several times higher than those of carbonaceous anodes. The starting 
material for the alloy anode systems could be pure metals, solid solution alloys, or 
intermetallic compounds, either in crystalline or amorphous form. Si, Sb, Sn, Al and Mg
are attractive candidates for alloy anodes because they are cheap, abundant, 
environmentally friendly and are known to form alloys with Li 11.
The major limitations associated with alloy anodes include short cycle life and
3 11rapid loss of reversible capacity as a result of volume expansion during Li insertion , "
13 . The high volume changes, which can be as high as 400% during cycling, cause 
cracking and pulverization of the active particles and the surrounding matrix. This leads
12 14 21to electrode fragmentation and delamination from the current collector , " , which in 
turn increases the electrode resistance, causing capacity fading that increases with the 
number of charge-discharge cycles.
To overcome these problems caused by volume changes, researchers have tried to 
use anodes consisting of amorphous/crystalline powders, thin films, and various 
architectures such as nanorods, nanowires. Most of these approaches have been employed 
on Si and Sn anodes because theoretically they have the highest Li uptake capacities, up 
to 4.4 atoms of Li per atom of Si or Sn (for Li22Si5 and Li22Sn5, respectively) . The 
theoretical specific capacity of Si, when it is lithiated to Li22Si5, is 4200 mAh/g, which is 
the highest among alloying elements. But the increase in the volume when such 
compounds are formed is of the order of 300-400%.
The volume changes in the Li-Al and the Li-Mg system are not as high as they are
22 23with Li-Si or Li-Sn . While Li forms a series of intermetallics with Al , it forms a solid 
solution with Mg over a wide range, from 30 at% Li to 100 at% Li 13, 24, 25. The 
advantage in having a solid solution system is that the volume changes within a single 
phase are not abrupt, but continuously vary with Li content. However, this system has not 
been explored in detail before because of the difficulty in preparing homogeneous alloys
4
13 25due to the high reactivity of both Li and Mg , . This research project aims to develop 
homogeneous Li-Mg alloys and investigate their electrochemical charge discharge 
characteristics, in order to assess the feasibility of using them as alloy anodes in 
rechargeable Li-ion batteries.
Considerable attention is also being focused on tailoring the nanostructures of 
anode particles to better accommodate the high volume changes. For example, Si 
nanowire architectures have been found to show good cyclability 26. Also, porous anode
27 28structures obtained by depositing Si onto a porous current collector , or onto a
29 30template , have showed higher reversible capacities and longer cycle life than Si
28deposited on planar substrates . Electrochemical etching of p-type Si by HF is a
31powerful method to prepare nanostructured porosity . The etching conditions can be 
changed to control the morphology of the pores created in Si. The effect of columnar 
morphology of structured porous Si electrodes on their lithiation/delithiation behavior has 
not been systematically investigated. In this research, we plan to create different 
columnar morphologies on porous Si anode and examine the effect of morphology on its 
cyclability and capacity retention during electrochemical charge discharge testing.
Modeling of charge/discharge behavior of Li-ion cells, in particular the 
electrochemical insertion and deinsertion of Li+ is challenging because of the complexity 
of the ion transport and phase transformations corresponding to Li intercalation and 
deintercalation. Mesoscopically, this requires analytical solutions of diffusion that 
incorporate moving phase boundaries due to phase transitions. In this research, we focus 
on developing an analytical computational scheme, using which one can predict the 
charge/discharge behavior of individual electrodes as well as full Li-ion cells.
5
61.3 Objectives of the Present Research
The objectives of the experimental section of this research work are as follows:
1. To synthesize homogeneous Li-Mg alloys, and to investigate their 
electrochemical charge discharge characteristics in order to assess the 
feasibility of using them as alloy anodes in Li-ion batteries. The 
corresponding phase transitions in these alloys and their reversibility 
during discharge and charge are to be established.
2. To fabricate Si anodes with structured columns with different pore 
morphologies so that the effect of morphology on the electrochemical 
performance as alloy anodes in Li-ion cells can be investigated.
The objectives of the modeling section of this research work are as follows:
1. To create a mathematical modeling framework to predict cell voltage and 
the charge/discharge behavior during electrochemical charge /discharge in 
order to get a phenomenological understanding of how Li transport 
through the electrodes and the electrolyte in Li-ion cells affects the 
electrochemical performance of the cells.
2. The accuracy of the thus constructed framework is to be verified by 
comparing the simulated results with experimental data of 
charge/discharge characteristics of (a) single electrodes (such as 
amorphous Si thin films vs. Li/Li+), and (b) full cells consisting of 
commonly used anode/cathode materials (e.g., graphite/LiFePO4).
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2.1 Working Principle of Li-ion Cells
The basic principle of a Li-ion cell, with a graphitic anode and LiCoO2 cathode, is 
illustrated in Figure 2.1. It shows how the Li+ ion is transported from between the 
graphene layers in graphite anode to the LiCoO2 cathode via the Li+ ion-conducting 
electrolyte during discharge, and, in the opposite direction during charge 1. Even though 
by definition, graphite is to be referred to as the negative electrode, not as anode (since 
the negative electrode becomes the anode during discharge and cathode during charging), 
for the sake of convenience, it is customary to use the term “anode” to refer to the 
negative electrode in a Li-ion cell. The current collectors in contact with the electrodes 
help in transporting the electrons from the electrode to the external circuit. In most cells, 
a porous separator soaked with electrolyte will be sandwiched between the two electrodes 
to prevent short circuiting. It is clear that for such a cell to have high cyclability, both the 
electrodes must facilitate reversible insertion and deinsertion of Li+ ions over a large 








Figure 2.1 Schematic of a conventional Li-ion cell with graphitic anode and LiCoO2 
cathode. Reprinted with permission from A.Manthiram, Materials challenges and 
opportunities of lithium ion batteries, The Journal of Physical Chemistry Letters, 2(3), 
176, 20111. Copyright 2011 American Chemical Society.
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2.2 Anodes in Li-ion Batteries
2.2.1 Metallic Li Anodes
In the past, attempts were made to use metallic Li as the anode because 
theoretically it offers a very high specific capacity, about 3800 mAh/g. However, it was 
found that the cycling performance of cells with metallic Li anodes was poor. A 
passivating layer was observed to form at the Li/electrolyte interface during charging 
which limits the diffusion of Li and modifies the charge transfer mechanism. The high 
reactivity o f Li surface causes this layer to grow continually thus further increasing the 
impedance of the electrode. More importantly, Li metal anodes show an increased 
tendency to form dendrites during Li plating, which is aggravated by the nonuniform
2 9current density distribution at the surface - . Accumulation of these dendrites at the 
surface (see Figure 2.2) leads to safety issues because some of them can penetrate the 
separator, touch the cathode, and create a short circuit. The dendritic deposition of Li 
converts the Li anode into high surface area powder with high reactivity towards organic 
compounds. For instance, for an electrolyte consisting of LiPF6 salt in a solution of
Figure 2.2 Formation of dendritic deposits on Li metal surface during cycling. Reprinted 
by permission from Macmillan Publishers Ltd: Nature, J.M.Tarascon and M. Armand, 
Issues and challenges facing rechargeable lithium batteries, Nature 414(6861), 359, 
2001.11 Copyright 2001.
ethylene carbonate and dimethyl carbonate, the compounds formed at the Li metal anode 
surface include LiCH2 CH2 OCO2Li, LiOH, Li2 O, Li2 CO3 , LiF, CH3 OCO2 Li, CH3 OLi, etc.
10. The reaction of dendrites with the electrolyte, apart from causing safety hazards also 
reduces the amount of active Li available for cycling, thus leading to poor cyclability of 
the cell.
Due to the above problems associated with metallic Li, research was redirected 
towards finding alternative anode materials for Li-ion cells. Graphite became an 
acceptable anode material for Li-ion cell in the early 1990s. Its working principle 
involved intercalation and deintercalation of Li between graphite layers. The anodic 
reaction in a Li-ion cell can be broadly divided into three categories: (1) intercalation 
reaction, (2) conversion reaction and (3) alloying.
2.2.2 Intercalation Reaction Anodes
Li intercalation in Li-ion cells involves insertion and deinsertion of Li into the 
anode material without causing large structural rearrangements in the host lattice. During 
intercalation, Li occupies an initially empty site in the host framework without breaking 
any bonds within the solid structure. Therefore, the structure of the intercalated 
compound is similar to that of the starting material, which makes the reaction truly 
reversible. This type of reaction occurs in anodes such as graphite and Li4Ti5O12 (LTO), a
new generation anode material. Graphite is the most commonly used anode material in
12commercial Li-ion batteries 12.
12
2.2.2.1 Graphitic anodes
Deep charge discharge cycling of Li-ion cells with graphitic anodes was first 
achieved by Sony Japan in the early 1990s 13, 14 and paved the way for the commercial 
success of Li-ion batteries. These cells are normally in the discharged state where 
Lithium is deintercalated from LiCoO2  cathode and is inserted in graphite during 
charging. This type of battery exhibited good reversibility for over 1200 cycles. 
However, these cells have some first-cycle irreversible capacity loss, caused by the 
formation of a solid electrolyte interface (SEI) film on the surface, which is mostly due to 
decomposition and reaction of electrolyte with graphite anode. The SEI has benefits: 
while it allows the transport of Li ions, it also protects the anode surface against further 
degradation 15.
The improved reversibility provided by graphitic anodes is due to their layered 
structure consisting of basal planes stacked in c-direction, which allows intercalation of 
Li ions between the layers without large volume changes. The maximum extent of Li 
insertion into graphite corresponds to the formation of LiC6, where one Li atom 
coordinates with each of the six C atoms of the basal plane. The layer spacing of LiC6 is 
only 10% larger than that for pure graphite 16. The electrode reaction is
LiC6 ^  LixC6 + (1-x) e- + (1-x) Li+ (2.1) 
where 0<x<1. This electrochemical reaction occurs at 0.1-0.2V vs. L i/L i (at nominal C-
17rates) , and hence the voltage penalty for using graphitic anodes instead of metallic Li 
anodes is very small. Figure 2.3 shows the charge and discharge curves in a cell with
13
14
Figure 2.3 Typical charge and discharge curve for a cell with LiCoO2 cathode and 
graphite anode at 0.2 C rate 19 Reprinted from Springer and Journal of Applied 
Electrochemistry, Electrochemical evaluation of LiCoO2  synthesized by decomposition 
and intercalation of hydroxides for lithium-ion battery applications, 28, 1998, 1365-1369, 
B. Huang, Y-I. Jang, Y-M. Chiang, D. R. Sadoway, Figure 6, ©1998 Springer, with kind 
permission from Springer Science + Business Media.
LiCoO2 cathode and graphite anode at a slow rate of 0.2C. This cell is usually charged up 
to a voltage of 4.25 V and discharged to 2.5 V.
The reduction of electrolyte on the graphite surface occurs due to transfer of 
electrons across the interface from anode to the electrolyte, resulting in the formation of 
the SEI layer. Even though this layer prevents further reaction with electrolyte, the SEI
layer limits Li ion diffusion and sometimes leads to plating of metallic Li on the surface,
18especially at high charging rates 18. Li plating can lead to dendrite formation leading to
internal short circuiting, and cell fire. The major disadvantage of graphitic anode is its
20 21low capacity. The theoretical capacity of graphite is 372 mAh/g , , which is 2-10 times 
lower than that of alloy anodes.
2.2.2.2 Lithium Titanate (LTO) Anode
In lithium titanate (with formula Li4Ti5O12 and a cubic spinel structure), Li 
insertion occurs without any strain up to a stoichiometry of Li6-7Ti5012 and hence is highly 
reversible. LTO has high thermal stability and long cycle life. It does not require the 
presence of passivating films on the surface because there is no reduction of electrolyte 
on the anode surface. The mobility of Li ion in lithium titanate during charge-discharge
processes is high. But it has a low specific capacity of 150-160 mAh/g, which is lower
22than even that of graphite . Also, the voltage penalty is high as the insertion reaction 
occurs at 1.5 V vs. Li+/Li. Because of this high voltage of LTO vs. Li/Li+ couple, the
23possibility of Li plating on the anode is eliminated .
2.2.3 Conversion Reaction Anodes
Certain anode materials rely on conversion and displacement upon Li insertion. 
Such reactions involve complete electrochemical reduction of metal oxides, sulfides, 
nitrides, phosphides and fluorides of the form, MaX  ^(M = transition metal, X = O, S, F, 
P, N...), by Li, to yield metallic nanoparticles embedded in a matrix of LiyX. These 
reactions involve the reduction of the transition metal to its metallic state, delivering 
remarkably high capacity values. Poizot et al.24’ 25 first showed that nanoparticles of 
transition metal oxides, such as CuO, CoO, and Fe2 O3 are reversibly reduced by Li ions 
according to the following equation:
Nano-MO + 2Li+ + 2e- ^  nano-M +Li2O (2.2)
15
In such reactions, more than one electron transfer occurs per transition metal ion, as
opposed to 0.5-1.0 electrons, which is typical for intercalation compounds. However, the 
voltages during charge-discharge cycles carried out on these anodes show a prominent 
hysteresis, as can be seen from Figure 2.4 which shows charge and discharge voltage 
curves as a function of composition curve for CoO/Li, NiO/Li, and FeO/Li cells at a C/5 
rate. Special mention must be made of two systems: Li-S and Li-air batteries, which 
utilize conversion chemistry and show promise to offer high capacities1.
2.2.3.1 Li-S Batteries
The Li-S system involves the following electrochemical reaction between Li 
metallic anode and S cathode:
16
Figure 2.4 The voltage-composition profile for various MO/Li cells cycled between 
0.01 V and 3 V at a rate of C/5 (1 lithium in 5 hours). Reprinted by permission from 
Macmillan Publishers Ltd: Nature, P.Poizot, S.Laruelle, S.Grugeon, L.Dupont, and 
J.M.Tarascon, Nano-sized transition-metal oxides as negative-electrode materials for 
lithium-ion batteries, Nature, 407(6803), 496, 2000 24, copyright 2000.
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2 Li+S ^  Li2S (2.3)
This system can provide a specific capacity of 1675 mAh/g and an open circuit potential 
of 2.23 V vs. Li, leading to a theoretical energy density of 3730 Wh/kg. But high 
solubility of the cell reaction products in organic carbonate electrolytes used in 
conventional Li-ion batteries is a huge problem that has prevented effective 
commercialization of these cells26, 27 The reaction products, which are polysulfides of the 
form LixSy dissolve in the electrolyte and can even sometimes diffuse towards the Li 
electrode, leading to capacity fade during cycling. It has been shown that this dissolution 
problem could be averted if the liquid organic electrolytes are replaced with polymer gel-
28 30type Li-ion conducting electrolyte membranes 28-30.
Another basic issue is the low electrical conductivity of S, Li2S and the other Li-S 
products. This concern is addressed by using sulfur-carbon composite electrodes as the
27 31 33cathode material instead of S27, 31-33. The disadvantages associated with Li metallic anode 
are applicable in this system too, and hence, systems with Li2S-C composite cathodes and 
alternative anodes such as Sn-C or Si-C are being investigated 34-36.
2.2.3.2 Li-Air Batteries
Li-air batteries are attracting a lot of attention because of their high capacities and 
abundant supply of oxygen from air. They are estimated to have theoretical energy
37densities as high as 5000 Wh/kg . Li-air cells consist of a Li metal anode along with a
37 38porous carbon electrode exposed to air with nonaqueous or aqueous electrolytes 37, 38. In 
the case of aqueous electrolyte, the following reaction occurs:
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O2  + 4 Li + 2 H2 O ^  4 LiOH (2.4)
In a practical version of Li-air cell, a Li+ ion conducting glass ceramic is used to separate 
the Li anode and electrolyte. In the second category of Li-air batteries, nonaqueous 
electrolytes are used and the following reaction occurs:
4 Li + O2 ^  2 Li2O (2.5)
This reaction provides atheoretical energy density of ~5200 Wh/kg and occurs at a
37 38potential of ~2.91 V , . The discharge-charge proceses in Li-air cells involve the 
formation of a series of products : Li2O2 superoxide, then Li2O2 and finally Li2O. The 
major challenges to be overcome include selection of appropriate electrocatalysts for air 
electrode during oxygen evolution and reduction, protection of electrolyte and anode 
from attack by CO2  and H 2 O, and safety concerns and poor cyclability of metallic Li 
electrode.
To solve the problem of corrosion of Li metallic anode in the presence of
39moisture in Li-air batteries, Visco et al. developed a protected lithium-metal electrode 
(PLE). In PLEs, the Li metal is covered by a Li-ion conducting solid electrolyte film, 
such as Lisicon, which prevents contact with soluble intermediate compounds and 
electroylte, and at the same time allows transport of Li+ ions. Another interlayer is 
required between Li metal and the Lisicon layer to prevent reduction of the latter. In Li- 
air batteries with such electrodes, reasonable capacity retention has been observed even 
after 40 cycles 40.
Figure 2.5 shows the relative capacities and voltages of different anode and
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Figure 2.5 Voltage (vs. Li+/Li) and capacity ranges of various anode and cathode 
materials in Li-ion cells. Reprinted with permission from A. Manthiram, Materials 
challenges and opportunities of lithium ion batteries, The Journal of Physical Chemistry 
Letters, 2(3), 176, 2011 1. Copyright 2011 American Chemical Society.
cathode materials used in Li-ion cells. It can be seen that cells with alloy anodes and the 
cathodes given on the top left side of the figure will show high voltages and capacities, 
much higher than those provided by LTO and graphitic anodes. S and O2  cathodes will 
have capacities higher than 1000 mAh/g and voltages between 2 and 3 V vs. Li+/Li.
2.2.4 Alloy Reaction Anodes
Alloying reaction refers to the formation of intermetallic compounds of the form 
LixM during Li insertion, as in the case of Li-Sn, Li-Si, Li-Al, etc. It can also occur in a 
solid solution system such as Li-Mg in which Li can be inserted or deinserted without a 
phase change, for a specific compositional range. These systems can offer capacities 2-10
times higher than that of graphite. However, the volume change during Li insertion in 
these anodes is of the order of 100-300%, which is much higher than that observed in 
graphite (~10%).
The first systematic work on Li alloys involved their use in high temperature 
batteries (~ 400°C), which have molten salts as electrolytes. Li metal cannot be used in 
these systems because of its low melting point, 180°C 41. Alloying of Li with several 
metals at room temperature was first observed when these metals were used as substrates 
for electrodeposition of metallic Li from Li+ containing electrolytes42-45. Bauman et al.46 
observed that the deposition of Li formed a black deposit, which could not be easily 
removed by reaction with water, indicative of the formation of Li-Pt alloy. Selim et al.
47 48and Brauer et al. found out that the reversibility of Li electrodeposition was higher on 
substrates such as Ag, Al and Pt, metals with which Li is known to alloy, than on Cu, Ni, 
and stainless steel. Dey 49 systematically studied the reaction products of Li 
electrodeposition on several metal substrates and divided them into two categories. The 
first category consisted of metals with which Li formed alloys and included Sn, Pb, Mg, 
Ag, Au, Pt, Zn, and Cd. The second category included metals with which Li did not show 
significant alloying (Ti, Cu, Ni, and stainless steel). Subsequently, others studied alloying 
and delloying phenomena in Li-As, Li-Sb, Li-Bi50, 51, Li-Al52-54, Li-Mg55, 56, , Li-Si57, 58 
systems. In particular, between the 1970s and the 1990s, numerous research efforts were 
focused on the replacement of metallic Li anode by Li alloys in rechargeable Li cells59-64. 
Matsuhita-Panasonic used Wood’s metal (an alloy of Bi, Pb, Sn, Cd) as an anode in 
commercial button type cells65, 66.
The announcement of a carbonaceous anode by Sony in early 1990s 13, 14, led to
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development of cells which showed very good and deep charge/discharge cycling 
behavior. This shifted the focus from alloy anodes to different forms of carbon anodes. 
However, in the recent years, the quest for cells with higher energy densities has led to 
renewed interest in alloy anodes. Apart from their high gravimetric and volumetric 
capacities, alloy anodes are relatively inexpensive, and operate at high potentials. Their 
disadvantages include limited cell reversibility, high first-cycle irreversible capacity loss 
and capacity fading, which occur due to the large volume expansion in the material upon 
Li insertion. Most of the present research on alloy anodes is focused on resolving these 
problems in Li-Si, Li-Sn, and Li-Sb systems and on composite anodes consisting of these 
elements.
Before going on to examine the performance of various alloy systems, it would be 
instructive to understand how the thermodynamics and kinetics of alloying and 
dealloying affect the electrochemical performance, especially the voltage during 
discharging and charging.
2.2.4.1 Electrochemical Perspective of Alloying-Dealloying
Insertion and deinsertion of Li in most alloy anodes occur at a potential in the 
range of 0-1 V vs. Li+/Li1. The equilibrium alloying potential for the reactions of the 
form:
Li + x M ^  LiMx (2.6)




E a  = ----- --- (2.7)
nF
where AGf is the free energy of formation of the product LiMx, n is the number of 
electrons involved in the reaction and F is the Faraday’s constant. AGf is the reversible 
change in free energy under electrochemical alloying of the cell and is related to the emf 
of the cell. Hence, this is the initial potential at the beginning of the discharge. The shape 
of the subsequent voltage curve also depends on the alloying mechanism.
If Li insertion into a metal M results in the formation of a new compound or a 
phase, such as LiMx, then further lithiation will result in advancement of the two-phase 
(LiMx/M) boundary within the electrode without changing the composition of the two 
phases significantly. In this two-phase region, the chemical potential of Li is equal in 
both the phases and is composition-independent. Therefore, we see a flat plateau in the 
voltage vs. composition curve in this region68. Figure 2.6(a) shows several such plateau 
potentials for the Li-Si and the Li-Sn system during coulometric titration.
Another type of insertion mechanism is the solid solution reaction which involves 
insertion of Li into the crystal structure of the host species without causing a phase 
change. The Li activity in the existing phase changes continuously during Li 
incorporation, thereby inducing a sloping potential profile during lithiation/delithiation. 
Such a profile can be seen in Figure 2.6(b), which shows the charge-discharge voltage
70curves for tin oxide anode .
In the following sections, several individual alloy systems will be examined one 
by one, with a discussion on their advantages and limitations, following which a side by 
side comparison of these systems will be made.
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Figure 2.6 Charge/discharge curves showing plateau potentials and sloping voltage 
profiles in different systems. (a) shows well defined voltage plateaus during equilibrium 
titration in Li-Sn and Li-Si systems and (b) shows sloping charge/discharge voltage 
curves for tin oxide with hollandite structure. (a) is reprinted from Journal of Power 
Sources, 81, R.A.Huggins, Lithium alloy negative electrodes, 13-19, Copyright 1999, 
with permission from Elsevier69. (b) is reprinted with permission from N. Sharma, J. 
Plevert, G. V. Subba Rao, B. V. R. Chowdari, and T. J. White, Tin oxides with hollandite
TOstructure as anodes for lithium ion batteries, Chemistry of Materials 17(18), 4700, 2005 . 
Copyright 2005 American Chemical Society.
2.2.4.2 Li-Al Alloy Anodes
The use of Li-Al alloy anode was extensively researched to explore the possibility
71 72of replacing Li as anode material in primary Li batteries , . The high temperature LiAl/
73 74FeS2 system has been well researched , . According to the Li-Al phase diagram, at the 
Al rich side, there is a solid solution phase of Li in Al, (the a phase) and as Li content is
75increased, the intermetallic compounds LiAl (P), Li3Al2, and Li9Al4 form. The 
solubility of Al in Li is very low. At 423°C, the solid solubility limit of Li in Al is 9.2 
at% , the P phase exists between 47 to 56 at% and the y phase between 60.3 and 61.7 at% 
Li.
The maximum theoretical uptake of Li in Al (for Li9 Al4 ) is 2.25 Li per Al atom, 
providing a theoretical specific capacity of 2234 mAh/g. For LiAl , the capacity is 993 
mAh/g. During electrochemical lithiation of Al, a voltage plateau was observed at 0.26 
V vs. Li+/Li, which corresponds to the formation of LiAl; however, there was no further 
plateau between 0.26 V and 10 mV vs. Li+/Li, which indicates that other intermetallic Li­
Al compounds do not form. The dealloying was observed to occur at a a potential of 
~0.43 V vs. Li+/Li 76, 77. However, the LiAl phase could not be identified by X-ray 
diffraction analysis, indicating that the electrochemically formed LiAl could be 
amorphous 76-78.
There are contradictory reports on the electrochemical performance of LiAl alloy
52 79anodes. While Besenhard et al. 52, 79 reported that electrochemically formed LiAl showed
80poor Li recovery on cycling, Geronov et al. have cycled LiAl alloys for >220 cycles 
with reversible capacity of 667 mAh/g. It is commonly agreed that loss of contact of LiAl 
with the substrate is a major limitation which reduces the cyclability of LiAl anodes 52, 59,
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79 80, . This is confirmed by the fact that on pressing LiAl onto a Cu current collector at a
79stress of 20 MPa, better cycling performance was obtained .
Since LiAl is known to be a hard and brittle compound, the loss of contact with 
the current collector can be attributed to the electrode fragmentation resulting from the 
volume expansion during Li insertion 59. When inspected under the scanning electron 
microscope, the cycled LiAl electrodes were found to be heavily cracked and powdered
79 81 83, - . Because of the reduced effect of the volume changes in the case of nanoparticles, 
finely dispersed LiAl nanoparticles in a a polyacetylene matrix were found to show better
84electrochemical performance under cycling than thin film LiAl anodes .
9 2Also, the diffusivity of Li in P-LiAl phase is 7 x 10- cm /s (at room temperature),
11 2 80 85whereas in a-Al phase, it is much lower, about 2-5 x 10- cm/s , . So, if the a phase is 
formed during discharge, and in the subsequent charging cycle, if the alloying kinetics 
becomes sluggish, then Li plating can occur on the surface, which can quickly lead to 
loss of reversible capacity 59
Thus, the high volume changes coupled with low diffusivity of Li in the a-phase 
are major limitiations for adopting Al as the negative electrodes in Li-ion batteries. The 
actual capacity of Al anodes (600-700 mAh/g) is also lower than that which can be 
offered by other alloy systems.
2.2.4.3 Li-Sn Alloy Anodes
The Li-Sn alloy system has attracted a lot of interest after the announcement of 
the Stalion Li-ion cell by Fuji Photo Film Celltec in 1997 86. This cell employed the 
standard LiCoO2 cathode but an amorphous Sn based composite oxide as anode material. 
This cell showed high specific charging capacity due to the alloying reaction between Li
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and metallic Sn.
Lithiation of Sn electrode in a Li+ ion containing electrolyte leads to the formation 
of a number of intermetallic compounds with the formula LixSny at a high temperature of
87 88 90415°C as well as at room temperature - . Li-Sn diagram suggests that there are 8 
crystalline phases that sequentially can form at room temperature: Sn, Li2Sn5, LiSn, 
Li7Sn3, Li5Sn2, Li13Sn5, Li7Sn2, and Li22Sn5. Lithiation occurs at the potentials, 0.66, 
0.53, 0.485, 0.42, and 0.38V, respectively, vs. Li/Li+ 91 as determined by coulombic 
titration. These potentials correspond to the different two-phase regions in the Li-Sn 
system. The formation of Li7Sn3 and Li22Sn5 at voltages <0.31V was observed but could 
not be distinguished by X-ray diffraction because the structures of the two phases are 
similar. The final lithiated product was identified to be Li22Sn5. During dealloying, the 
formation of LiSn was reported to occur at 0.78 V vs. Li+/Li and Sn was formed at 1.0
92V. These delithiation potentials are higher than the equilibrium values .
The formation of various LixSny phases has also been confirmed by X-ray 
diffraction on electrodes during very slow near-equilibrium electrochemical charging 
experiments60, 90, 93. But, at room temperature and under practical charging conditions, 
only Li2Sn5 and LiSn are the dominant phases which can be distinguished94, 95.
During lithiation, Sn anode pulverizes rapidly due to large volume increase. 
However, if the lithiation is stopped when stoichiometric LiSn is formed, this problem is 
solved to some extent because the differences between densities of pure Sn and LiSn/ 
Li2Sn5 are relatively small. Further alloying leads to the formation of other Li-rich LixSny 
compounds that have much lower densities than Sn because of an increase in lattice 
volume. Such major structural rearrangements increase the mechanical stresses in the
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host lattice 41.
As in other systems, the dimensional stability of the the electrode material during 
alloying and dealloying depend on the particle size, shape, texture and porosity96, 97 For 
anodes with coarse Sn particles, cracking and delamination of active material from the 
substrate occurs earlier in the cycling life than for small sized Sn anodes. If the cracks are 
deep enough, the electrolyte can penetrate and even react with the current collector, 
forming products that tend to insulate the current collector. The amount of active material 
available for cycling reduces with loss of electronic contact between the particles and the 
collector. This eventually leads to electrode failure 41. Although, all these effects occur 
due to volume change, the major increase in the volume actually occurs in the first 
alloying cycle. The volume changes during the subsequent cycles are not large, which
17indicates that the electrode does not return to its original volume upon Li removal 17. 
Hence, the resulting porous regions of the electrode help in better accommodation of Li 
ions with lower volume expansions in the following cycles.
Even though anodes with nanosized Sn particles exhibit better cycling 
performance than the coarser ones, the stability of capacity under further cycling is poor. 
To improve the electrode performance, Sn-based intermetallic and/or composite hosts 
were experimented with 41 and they show better cycling characteristics. For instance, the 
reversiblity of Sn/SnSb or Sn/SnAg3/SnAg4 composite anodes is superior to that of pure 
Sn based anodes with comparable particle sizes. In the composite electrode such as 
Sn/SnSb, SnSb gets lithiated at 850 mV vs. Li+/Li, whereas Sn lithiates at 650-670 mV 
vs. Li+/Li; hence at 850 mV, Sn acts as an inactive buffer 41. Such Sn-M-C like systems, 
with an active component and an inactive buffer have also been found to yield better
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cycling performance as anode materials, where Ti, V, Cr, Mn, Fe, and Co have been
98tried out as M . In 2005, Sony Corporation introduced a new Li-ion battery called 
Nexelion with an amorphous Sn-Co-C composite as the anode99.
2.2.4.4 Li-Si Alloy Anodes
Sharma and Seefurth 100 first reported the formation of Li-Si alloys in high 
temperature electrochemical cells operating at 400-500°C. Compounds such as Li12Si7, 
Li14Si6, Li13Si4 and Li22Si5 100-102 were observed to form during lithiation of Si. The
124alloying was found to be reversible even at room temperature . Li22Si5 has a specific 
energy capacity of 4200 mAh/g, which is the highest amongst all alloying elements. The 
high specific capacity, abundance of Si, and the relatively low cost of raw material have 
led to the choice of Li-Si as the most studied alloy anode system for Li-ion cells in the 
past few years.
Si-based anodes suffer from capacity loss due to several factors. The first cycle 
irreversible capacity loss and capacity fade in subsequent cycles are major challenges for 
Si anode systems during cycling. For example, in the case of bulk Si anode, the initial 
charge cycle showed a capacity of 3260 mAh/g, which was followed by a discharge
103capacity of 1170 mAh/g, corresponding to a coulombic efficiency of only 35% . By the 
end of the 5th cycle, the reversible capacity reduced to 500 mAh/g. As in the case of other 
alloy anodes, the progressively larger volume changes occurring with the formation of 
LixSiy compounds during lithiation leads to development of stresses within the electrode. 
These stresses cause cracking within electrode and lead to loss of electronic contact and 
reduced availability of active element, thus decreasing the capacity.
Some of the approaches to overcome these challenges include using (1) Si
28
nanosized powder anodes, (2) Si thin films, (3) architectured Si anodes, and (4) Si 
particles dispersed in active/inactive matrix.
In Si anode, Li insertion decreases the internal resistance because the Li-Si 
compounds have higher electrical conductivity than Si and conversely, during dealloying 
the resistance increases. Complete dealloying does not occur since some Li+ ions are
103trapped inside the alloy particles . Graphite flakes and/or nanoscale carbon black, when 
added to Si improve the electronic contact between particles 104 By narrowing the 
voltage window, the cell reversibility can be improved, but at the cost of capacity. 
Nanosized Si powders, synthesized by laser-induced silane gas reaction showed higher 
reversible capacity of 1729 mAh/g in the 10th cycle (compared to 500 mAh/g after 5th 
cycle for bulk Si anode) 105, 106.
Thin film Si anodes with nano Si particles have longer cycle life, higher reversible 
capacities and better capacity retention than bulk Si anodes. Si thin films can be 
synthesized using amorphous or nanocrystalline Si particles. Nanocrystalline Si thin films
107showed an initial capacity of 2400 mAh/g and a discharge capacity of 1000 mAh/g . 
After 50 cycles, it showed a reversible capacity of 525 mAh/g, which is much better than 
the performance of bulk Si. It is believed that the good adhesion achieved between the 
deposited particles and the current collector substrate is during deposition processes is 
responsible for the superior performance of the thin film anodes.
The cycling performance of amorphous Si thin films deposited on Ni foils by
107 108physical vapor deposition 107 and vacuum evaporation 108 were found to be even superior
to that of nanocrystalline Si thin film anodes. As shown in Figure 2.7, the amorphous thin






2  5  1 I i ) i '  i i | I 1 1 '  1 ■ ' m  | i i i i | m  m  | M  ■ 1 1 r r i i | 1 1 1  r r I  i 114.
10 20 30 40 50
Cycle Number
Figure 2.7 Specific capacity vs. cycle number for nanocrystalline Si and nanoamorphous 
Si thin film anodes prepared by thermal vapor deposition. Specific capacity of graphite 
and bulk-silicon anodes is also shown. Reprinted from J. Graetz, C. C. Ahn, R. Yazami, 
and B. Fultz, Highly reversible lithium storage in nanostructured silicon, Electrochemical 
and Solid-State Letters 6(9), A194, 2003107. Reproduced by permission of The 
Electrochemical Society.
Si powder anodes. The figure shows a comparison between the anode capacities of 
nanoamorphous Si thin films, Si nanocrystals, and bulk Si plotted against cycle number. 
The capacity of graphite is also included for reference. The open points indicate the 
voltages during alloying and the filled points represent dealloying cycles. As can be seen, 
amorphous Si thin films show a stable reversible capacity of 2000 mAh/g even after 50 
cycles, which is the highest among all types of Si anodes. The capacity fade is also the 
least among all systems.
X-ray diffraction analysis performed on crystalline Si anodes, lithiated to 74% 
mol Li, revealed the presence of only the initial crystalline Si phase and a few 
unidentified broad peaks, none of which corresponded to the three expected crystalline 
Li-Si phases. High resolution transmission electron microscopy of this electrode showed 
that crystalline Si coexisted with an unknown amorphous phase 109, 110. It is suggested that
during Li insertion, crystalline Si is converted to an amorphous lithiated phase, leading to 
the formation of a two-phase region. However, at voltages lower than 0.050 V, crystalline 
Li15Si4 is reported to form, again leading to a two-phase region (amorphous phase + 
Li15Si4). Any two-phase region causes large structural stresses in the electrode, leading to 
pulverization 111. Hence, if the voltage is limited to values > 0.050 V, the cyclability of 
the cell improved as the two-phase region is avoided. This is also believed to be the 
reason behind the superior performance of amorphous thin film Si anodes over 
nanocrystalline ones, because in the former, the initial two-phase region (crystalline Si + 
amorphous lithiated Si) is avoided.
Synthesizing Si anodes with certain nanostructures can lead to improved cycling
112performance of the cells. Si nanowire architectures have shown good cyclability. 
Figure 2.8 illustrates how nanowires can (1) improve the contact between active particles 
and the current collector and (2) help in maintaining the structural integrity of the anode. 
Similarly, Si anodes with sufficient porosity can also better accommodate the large 
strains arising from the volume changes during lithiation, and hence provide good 
reversibility. Porous Si anode structures can be prepared by electrodeposition of Si onto a
113porous current collector or on to a template . Porous Si deposited on Ni foam current 
collector showed a stable cycle life of >400 cycles, while providing a reversible capacity 
of ~500 mAh/g 113.
This research attempts to investigate the effect of porous nanostructure on the 
cycling performance and the capacity of the Li-ion cell. In particular, our objective is to 
obtain porous Si anodes with different columnar morphologies. Electrochemical
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Figure 2.8 Illustration showing how nanowire architecture can better protect the anode 
material from pulverization during cycling while maintaining electrical contact. 
Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology, C. K. 
Chan, Candace, H. Peng, G. Liu, K. McIlwrath, X. F. Zhang, R. A. Huggins, and Y. Cui, 
High-performance lithium battery anodes using silicon nanowires, Nature 
Nanotechnology 3(1), 31, 2007112, copyright 2008.
lithiation/delithiation carried out on these anodes will enable us to investigate the effect 
of the morphology on cycling performance. Electrochemical etching of Si can be 
employed to obtain varied morphologies of Si nanostructure.
2.2.4.5 Li-Mg Alloy Anodes
With most of the other metals, Li forms intermetallic compounds which have a 
high degree of ionic bonding, thus making the compounds brittle and easily susceptible to 
mechanical degradation 114, 115. But Mg is one of the very few elements with which Li 
forms a stable solid solution that is also ductile. The advantage of having a solid solution 
system is that within a single phase, the volume changes during Li insertion/removal are 
more continuous and not abrupt as in the intermetallic systems. This can be seen in
Figure 2.9 where the change in volume during formation of LiMg from 1 mole of Mg, is 
plotted.
In the Li-Mg system at room temperature, the BCC P-phase has a wide 
compositional range between 11.5 wt.% to 100 wt.% Li (see Figure 2.10). The HCP a- 
phase is stable between 0 to 5 wt.% Li. Based on the reported lattice parameter for Mg-Li 
alloy 116, the volume change for insertion of 1 mole of Li into 1 mole of Mg is estimated 
to be ~85% (Figure 2.9). This is much lower than the corresponding volume change 
associated with formation of Li22Sn5 and Li15Si441, which is 300-400%. The bcc P phase 
is stable when the Li content in Li-Mg exceeds 11.5 wt% Li. Within this phase, the molar 
volume initially decreases for Li content between 11 to ~30 wt.% and then starts to 
increase again.
Dey 49 and Nicholson 55 demonstrated that Li(Mg) alloys can be electrochemically 
synthesized by reduction of Li on the surface of magnesium substrate. Li alloying of Mg 
occurred at a potential 0.03 - 0.05 V 49, 117 and the dealloying occurred at 0.2 - 0.4 V with 
respect to Li+/Li 55, 117. Hence, the voltage penalty associated with using Mg as an anode 
is very low. The alloying results also suggest that it is possible to diffuse Li into Mg at 
room temperature during charging, which is necessary for cyclability.
Attempts have been made to employ Mg as negative electrode materials in Li-ion 
batteries 118, 119 Morales et al. 119 experimented with a cell having LiFePO4 as the 
positive electrode and a Li deposit on Mg film, acting as the anode. This cell showed 
higher capacities during charge cycling, than a cell with pure Li anode. It is suggested 
that a thinner solid electrolyte interface (SEI) layer on the Li(Mg) surface and the clean 
Li/Mg interface, acting as an efficient current collector, are responsible for the good
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Figure 2.9 Increase in volume during lithiation of 1 mole Mg as a function of Li content.
Figure 2.10 Lithium magnesium phase diagram. Reprinted from H. Baker, and H. 
Okamoto, ASM handbook, Alloy phase diagrams 3(2), 2.276, 1992 120. Reprinted with 
permission of ASM International. All rights reserved. www.asminternational.org
cycling performance.
+ 7 2The reported values of diffusivity of Li ion in the Li(Mg) P-phase (~ 10- cm /s)
10 2 117are much higher than in other intermetallic alloys (e.g., in LiAl, it is 6 x 10-10 cm 2/s) 117. 
Consequently, the dendrite formation at the surface of the electrode during recharging
could be less, thus potentially improving the cyclability and capacity retention of the cell.
121In a preliminary work, Richardson et al. observed that the surfaces of charged Li(Mg) 
alloy anodes were free of dendrites.
The diffusivity of Li in the HCP a-phase is reported to be several orders of
122magnitude lower than in the P-phase . Hence, the lithiation and delithiation kinetics on 
a single phase P-Li(Mg) alloy anode will be more favorable than pure Mg anodes. The 
objective of this study is to synthesize such Li(Mg) alloys and to examine the charge 
discharge characteristics on these alloy anodes. During continuous Li extraction, a 
Li(Mg) P-phase should gradually transform into Mg rich a-phase. However, this phase 
transition at room temperature is to yet to be convincingly shown to occur throughout the 
bulk of the electrode. A detailed study of Li-Mg alloy as anode for reversible Li insertion 
and extraction is one of the objectives of this research.
2.2.4.6 Relative Comparison of Alloy Anode Systems
To summarize our discussion on the alloy anodes, a side-by-side comparison of 
some important properties of the common alloy systems can be made. Figures 2.11 (a) 
and 2.11(b) show the gravimetric capacities of initial material and the volumetric 
capacities of the lithiated phases, respectively. Metallic Li and graphite are also included 
for reference. For the case of Mg anode, Li3Mg, lying in the single P-phase region, was 











Figure 2.11 Capacities of different anode materials. The theoretical gravimetric capacities 
are shown in (a) whereas (b) shows the volumetric capacities of the anodes.
provide specific capacities higher than even that of metallic Li. The gravimetric and 
volumetric capacities of graphite are much lower, when compared with other anodes. The 
volumetric capacities of Sn, Si and Mg are comparable with that of Li.
The volumes of the anode materials before and after Li insertion are compared in 
Figure 2.12. These volumes are normalized for storage of 1 mol Li, i.e., their initial 
volume is adjusted so that it can accommodate 1 mole of Li in its final lithiated phase. 
The initial volume of graphite anode required is the highest, since it has the lowest Li 
uptake capacity (only 1 mol of Li for 6 moles of C). But it also has the minimum change 
in volume after lithiation, about 10%. The maximum volume changes occur during the 
formation of Li22Sn5 (260%) or Li22Si5 (320%). In LiAl, there is a change of 100% and in 
Li3 Mg, about 175%.
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Figure 2.12 Volume of anode materials before and after lithiation. The initial volumes are 
normalized for storage of 1 mol Li.
2.3 Electrochemical M odeling in Li-ion Cells
Mathematical modeling of electrochemical behavior of Li-ion cells, in particular 
the charge discharge characteristics, will be extremely helpful in understanding the 
potential and limitations of various physical, chemical and transport processes involved. 
In particular, it is important to examine the following questions:
1. How does Li insertion and removal occur within electrodes under the 
governing potentials? Does this process occur under largely equilibrium or 
nonequilibrium conditions, in terms of phase transformations within the 
electrode?
2. How do the phase transformations and the associated phase boundary 
movement affect the Li insertion and removal at various C rates?
3. How can the diffusion and electrochemical over potentials be included in 
the modeling to reflect the actual cell behavior under various 
charge/discharge conditions?
It is recognized that to address the above questions, we need to develop a clean 
modeling approach that includes (1) phase transformation and phase boundary movement 
within electrodes, (2) appropriate flux or concentration boundary conditions at the 
surfaces/interfaces and (3) charge transfer (Butler-Volmer) kinetics at the electrode­
electrolyte interfaces and (4) mass transfer over potentials in the electrolyte and within 
the electrodes.
The objective of this research is to develop a comprehensive mathematical model 
that can faithfully reflect the physical, chemical and transport processes that occur within 
the electrode under any external charge/discharge conditions. First, the prior work in this
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area is reviewed in the following section.
2.3.1 Review of P rior Modeling Research
123Doyle et al. first developed a model to predict the cell voltage during 
galvanostatic charge/discharge in Li-ion cells consisting of Li metal anode, solid polymer 
separator and an insertion composite cathode. The simulation data obtained by this model 
matched experimental results under isothermal conditions. An energy balance was later 
added to this model in order to account for the temperature changes within the cell during
124 125 +charge-discharge124, 125. In these models, the Li+ ion transport through electrolyte is
addressed using the concentrated solution theory and the porous electrode theory is used
to describe Li transport through the composite cathode.
As far as describing Li insertion through electrodes is concerned, the porous
125electrode theory, first proposed by Newman , is the most widely used approach. In this 
theory, the electrode was assumed to consist of spherical particles coated with the 
conductive additives on the surface, as shown in Figure 2.13. The Li transport in the 
separator was modeled with the concentrated solution theory which takes into account the 
transport of both Li+ and X- ions in the electrolyte containing LiX salts. The liquid 
electrolyte was treated as a nonideal solution 126. Butler-Volmer type expressions were 
used to relate the current to the potential difference across the electrode-electrolyte 
interfaces. Ohm’s law was used to predict the potential variation within the solid phases
and the solutions. The transport of Li into the electrode particles was treated as a purely
128chemical diffusion problem . The mass transport in the solid electrode is solved using
125Fickian diffusion equations in spherical coordinates . It was also assumed that due to 
porosity, the electrolyte has access to each spherical particle within the electrode
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Figure 2.13 Schematic of a cell with porous electrodes consisting of spherical particles 
coated with conductive carbon additives127. Reprinted from Electrochimica Acta, 45(15), 
G. G. Botte, V. R. Subramanian, and R. E. White, Mathematical modeling of secondary 
lithium batteries, 2595-2609, 2000. Copyright 2000, with permission from Elsevier.
simultaneously.
First, in many Li-ion cells, planar or rolled batteries 126, the assumption of 
spherical particles in electrode is not valid. Secondly, the electrolyte does not have access 
to all the particles within the electrode, but only to particles close to the interface. This is 
important because if the electrolyte has access to particles, then the Li insertion and 
removal will be controlled by transport within the electrolyte. On the other hand, if  this is 
not the case, Li transport must occur through solid state diffusion and hence, the kinetics 
of phase boundary movement between lithiated and unlithiated regions becomes 
important. Also, the modeling of nonporous electrodes is of great interest for thin film 
microbatteries, especially all solid-state batteries. In such cases, no electrolyte, binder or
filler is assumed to be present inside the electrode and the ionic transport occurs in a 
planar fashion.
130Danilov et al. used a planar approach to model the behavior of all solid-state 
thin film batteries comprising of Li metal anode and LiCoO2 cathode. The model 
considered charge transfer kinetics at the electrode/electrolyte interface, diffusion of Li in 
the intercalation electrode and diffusion and migration of ions through the electrolyte. A
131Nernst-Planck approach, which was earlier developed for liquid electrolytes , was used 
to model the diffusion and migration of Li+ ions through the solid electrolyte. Boundary 
conditions of constant flux on one side and zero flux on the other side of the cathode 
were imposed to solve for diffusional mass transport within the LiCoO2 thin film cathode. 
However, this model did not take into account the phase transitions occurring in the 
LiCoO2 electrode.
132Zhang et al. developed a moving boundary model to include phase- 
transformation in LiCoO2 electrode during Li insertion in particles. Lithiation was 
assumed to begin on single phase a-LiCoO2 particle, with Li diffusing inward from the 
surface. Further insertion leads to the formation of a thin Li-rich P-phase shell 
surrounding the a-phase particles. This phase boundary moves toward the center of the 
spherical particle until the entire a-core is transformed to P-phase. Similarly, Srinivasan
133et al. developed a shrinking core model for Li insertion in LiFePO4 particles. Unlike 
the moving boundary model, here it was assumed that a shell of Li-rich phase 
immediately formed outside the core, i.e., a two-phase region is present from the 
beginning of the lithiation.
While these models may adequately describe lithiation of a particle, lithiation of
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electrode as a whole can be described only by a mesoscopic approach where 
consideration to planar boundary movement in electrode is essential for a proper 
description of lithiation process. This is yet to be done.
In any model, once the governing partial differential equations for mass transport 
of Li are set up, they can be solved by different techniques. It is highly desirable to solve 
these equations analytically 134 This is because analytical solutions are continuous in 
time and space and hence, explicitly reveal the effect of various parameters on Li 
insertion and removal. Classical analytical techniques that enable closed form solution to 
diffusional transport include Laplace transformation, separation of variables, Green’s
127function, Duhamel superposition and the method of images, etc . For models based on 
the porous electrode theory, the governing equations cannot be solved analytically. The
125most commonly used method is the BAND subroutine developed by Newman , a 
numerical solution technique for solving boundary value problems that consist of 
coupled, ordinary differential equations.
The objective of this research is to create a mesoscopic modeling framework 
where analytical solutions to diffusion equations, taking into account moving phase 
boundaries within nonporous electrodes, will be derived ,for Li insertion and removal 
processes. The diffusion equations will be solved for planar geometries, unlike the 
previous modeling efforts which mostly considered spherical particles. In particular, 
appropriate flux/concentration boundary conditions, phase boundary movement and 
charge transfer at the electrode/electrolyte interfaces are key physical aspects that should 
be included in a consistent manner. The migration and diffusion of Li+ ions within the 
electrolyte also need to be taken into account.
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The objective is to develop a computational scheme, that directly incorporates the 
physical processes in electrode and that can be adopted to simulate the charge-discharge 
behavior of Li-ion batteries in a realistic way. This model is particularly relevant for thin- 
film batteries, all solid-state batteries and nonporous electrodes. This model will be more 
direct, intuitive and can be adopted to simulate the charge-discharge behavior of Li-ion 
batteries.
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It is well known1-6 that Li alloy anodes, especially Si, Sn, and 
Sb as negative electrode materials, are highly desirable for recharge­
able lithium-ion batteries because of their high theoretical specific 
capacities (4200,994 and 660 mAh/g for Si, Sn, and Sb respectively). 
However, the volume changes associated with insertion/removal of 
Li in these alloys are substantial— the insertion of 1 mole of Li into 
graphite causes a volume change o f only 8% but the volume change in 
the case o f Si is ~300%  (for Li2 2Sis) and ~250%  for Sn (Li2 2 Sn5 ).5 
The high volume changes lead to cracking and crumbling o f the elec­
trode and consequently diminish the conductive pathways within the 
electrode. However, recent researches with nanoparticle Si electrodes 
show significantly improved performances and promise for practical 
electrodes.7
As potential negative electrodes, Li(Mg) alloys are quite intrigu­
ing. First, Li and Mg share a diagonal relationship in the periodic 
table and have comparable atomic radii, leading to extended solid 
solubility8— a single BCC phase solid solution alloys exists over 
11.5-100 wt% Li in Li(Mg). This is unlike other anode materials 
(e.g. Si, Sn), where Li actually forms intermetallic compounds of 
the type LixMy which have a high degree of ionic bonding, and are 
hence brittle and fragile.9,10 The Li-Mg BCC solid solution can act 
as a scaffold-like structure that might facilitate insertion and removal 
of Li+ ions during charge/discharge cycling. The volume change for 
the insertion of 1 mole o f Li into Mg is estimated to be ~80%  us­
ing Li(Mg) alloy lattice parameters. This is much lower than that 
arising from Li reaction with Sn, Sb, and Si.5 Additionally, BCC 
Li (Mg) alloys are very ductile allowing straight-forward fabrication 
of electrodes by rolling and annealing. In encouraging preliminary 
studies, Dey,12 Nicholson,13 Shi et al14 and Kim et al15 demonstrated 
electrochemically that Li alloying with Mg occurred at a potential of 
0.015-0.05 V and the dealloying occurred at a potential of 0.2-0.4 
V, with respect to Li/Li+. This suggests that a Li(Mg) electrode may 
provide voltages similar to those offered by graphite electrodes while 
offering much higher practical specific capacities (e.g. 1930 mAh/g 
for Li-50 wt%Mg alloy ). Based on these findings, it is of interest 
to systematically evaluate the potential of Li-Mg alloys as negative 
electrodes in Li-ion batteries.
The primary objective of this research is to completely characterize 
the electrochemical performance and the associated electrode phase 
transitions during Li insertion/removal in Li(Mg) negative electrodes. 
The work is also motivated by the encouraging values o f diffusiv- 
ity of Li+ ion in the Li(Mg) fi-phase (~ 10“7 cm2/s)14 which are 
much higher than that in other intermetallic alloys (e.g. in LiAl, it is 
6 x  10“ 10 cm2/s). Also, the continuous electrochemical Li extrac­
tion during discharge should cause the Li(Mg) -phase to gradually
zE-mail: m.jagannathan@utah.edu
Downloaded on 2013-11-21 to IP 155.98.108.6 t address Redistribution
transform into Mg rich a-phase. This phase transition and the cor­
responding structural/mechanical state of electrode after Li removal 
are yet to be convincingly demonstrated. We have also further inves­
tigated the extent of cyclability of Li(Mg) electrode against LiCoC>2 
which shows some promising results.
M aterials and  Experim ental Procedure
The Li(Mg) alloys were fabricated by gradually adding 99.5% 
pure magnesium chips (US Magnesium LLC, Salt Lake City, UT) to 
a lithium melt, obtained by melting rods of 99.9% Li (ESPI metals, 
Ashland, OR). Since both Li and Mg readily react with air and mois­
ture, the alloy synthesis was carried out in a glove box under argon 
atmosphere. Li rods, received in Ar-sealed cans, were opened inside 
the glove box. The weighed pieces of ingots were melted in a stainless 
steel crucible and a melt temperature of about 220°C was maintained. 
Mg pieces, chopped into a few mm sized granules, were added grad­
ually to the molten Li. The molten Li was continually stirred while 
the Mg pieces were added in order to aid alloy formation. A t the 
same time, the melt, temperature was increased to a value at least 50°C 
higher than the liquidus temperature o f the alloy at the required com­
position. After several trials, two alloy compositions: Li-60 wt% Mg 
(Li7M gj) and Li-30 wt% Mg (LigMg) were successfully synthesized. 
X-ray diffraction and ICP-AES analyzes were performed to assess 
their homogeneity and composition.
For electrochemical testing, the alloys were rolled to foils of 
thickness 0.35 mm, which were then annealed under argon gas at­
mosphere at 100°C for 24 hours. Electrodes, punched from the 
sheets o f  MnCS (ratio of active-materialxarbonrPVDF-binder as 
0.80:0.1:0.1) and LiCoC>2 (ratio of active-material:carbon:PVDF- 
binder as 0.85:0.1:0.05) were used as positive electrodes in discharge 
and cell cycle tests, respectively. A polypropylene Celgard 2400 mem­
brane was used as the separator. The electrolyte was 1M LiPFg in 
1:1:1 ratio of EC:DMC:DEC (EC is ethylene carbonate, DMC is 
dimethyl carbonate, and DEC is diethyl carbonate) solution (MTI 
Corp. Richmond, CA). A Keithley 2420 source-meter was used for 
performing galvanostatic cell discharge/cycling tests. To monitor the 
phase changes during Li removal, several Li(Mg) electrodes were dis­
charged to certain levels of specific capacity, at a constant current 
density o f 0.5 mA/crn2. The discharged electrodes were then wrapped 
in polyethylene protective cover and ex-situ X-ray diffraction was 
performed to determine the crystallography of phases.
In charge-discharge cycle testing, the cells (LigMg coupled with 
L iCo02) were cycled between 4.25 V and 2.8 V at a current density 
of 0.3 mA/cm2, which corresponds to a rate of ~C /10 (C defined 
with respect to L iCo02). For comparison, a Li/LiCo02 cell was also 
cycled under identical conditions. Also, charge/discharge cycling of 
subject to ECS license or copyright; see e csd l.o rg /s ite /te rm s_ u se
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Figure 1. (a) X-ray diffraction patterns of LiyMgi. Lis Mg. and pure Li and (b) the variation of experimental BCC lattice parameter data of Li(Mg) as a function 
of Mg content showing the placement of the actual compositions o f the two alloys.
LigMg electrode was carried out against Li foil to closely examine the 
mechanism of Li insertion/de-insertion.
Results and Discussion
Electrode composition.— The X-ray diffraction patterns of Li(Mg) 
alloys along with that of pure Li are shown in Figure la. All the 
diffraction peaks for the Li(Mg) alloys matched with those of Li, but 
itre slightly shifted to the right —  the shifts for the strongest peak 
(29 =  36.2°) for Li?Mg3 and Li8Mg are 0.18° and 0.06°, respectively. 
Levinson16 experimentally showed that the lattice parameter of the 
BCC unit cell decreases with addition of Mg to Li until the Mg con­
centration reaches ~75 wt% after which it starts to increase. The 
alloy lattice parameter (dioo) was calculated using the (duo) values, 
which were determined from the (110) peaks of the alloys. The cal­
culated dioo values are compared with Levinson’s data16 in Figure lb. 
The alloy compositions thus have been found to correspond to ~ 64  
wt% and ~33 wt% Mg, for Li?Mg3 and LigMg respectively. This is 
roughly in agreement with ICP data from the average of 4 random 
samples for each of the two alloys (Table I). For X-ray diffraction, the 
alloy samples were wrapped in polyethylene protective cover inside 
a glove box and then transported for analysis. Some reaction o f Li 
with air/moisture is unavoidable during handling. This can explain 
the presence of some additional smaller diffraction peaks in the pat­
tern. The peaks at 20 ~  32.5: and at 20 ~  35.7C correspond to LiOH 
(JCPDS card number 32-0564) whereas the peak at 20 ~  33.7° can 
be attributed to LiOH.L^O (JCPDS card number 25-0486).
The average Mg concentrations obtained from the ICP analysis 
for the two alloys are close to 64 wt% and 28 wt% respectively 
with a standard deviation of <5 wt%. The small differences in the 
compositions between the lattice parameter and ICP results may be 
attributed to some surface oxidation of the alloys during electrode 
fabrication.
Electrode discharge and phase transition characteristics.— The 
discharge curves for the Li(Mg) alloy anodes are shown in Figures 2a 
and 2b. The specific Li discharge capacities (normalized with respect
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Figure 2. Potential curves for (a) Li7 Mg3 and (b) Lis Mg alloy anodes dis­
charged to different capacities (between 250-890 mAh/g for Li7 Mg3 and 
270-1350 mAh/g for LisMg) at a current density of 0.5 mA/cm2 with M11O2 
as the cathode.
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Figure 3 . (a) X-ray diffraction data for LiyMgj alloy anodes with different 
states of discharge and magnified view of (b) fl-phase (110) and a-phase (101) 
diffraction peaks, and (c) shifting of the (200) p-phase peak position.
to the initial mass of the anode) for Li?Mg3 and LisMg are ~900 
and ~1350 mAh/g, respectively. All the electrodes for both alloys 
consistently showed an initial drop in the voltage from open circuit 
value o f 3.25 V to a plateau value o f 2 V. This drop may be attributed 
to the formation o f the SEI layer17 on the surface of the Li(Mg) 
anode due to reaction with the electrolyte. As the alloy gets depleted 
in Li. the reduced Li activity on the electrode surface produces the 
sloping voltage trend, which indicates that the Li removal occurs by a 
single phase reaction. Considering the fact that the plateau voltages for 
the two alloys were both around ~  2 V and that for metallic Li anode 
is ~2 .5  V. the difference of 0.5 V in the plateau potentials can be 
attributed to the dealloying of Li from Li(Mg), which is in agreement 
with the observations o f Li dealloying at a voltage o f 0.2-0.4 V with 
respect to Li+/Li.13’14 A voltage difference of 0.5 V would roughly 
correspond to a dealloying energy o f kcal/mol o f Li13 assuming 
rapid charge transfer. This energy is comparable to the estimated free 
energy o f formation of LiAl at room temperature (—8.9 kcal/mol).18 
Thus, the plateau voltage o f ~ 2  V can be explained on the basis of 
dealloying of Li from Li(Mg).
Ex-situ X-ray diffraction analysis of the electrode samples of both 
alloys, discharged to different capacities, revealed quite an interesting 
phase transition behavior (Figures 3a and 4a). A gradual phase trans-
Figure 4. (a) X-ray diffraction data for LigMg alloy anodes with different 
states of discharge and magnified view of (b) (i-phase (110) and a-phase (101) 
diffraction peaks, and (c) shifting of the (200) P-phase peak position.
formation from the Li rich BCC (3-phase to the Mg rich HCP a-phase 
can be seen to occur as the delithiation process proceeds with time. 
Enlarged regions of the XRD patterns around 35-38° (Figures 3b and 
4b)) show how the growth o f (101) peak of the a-phase proceeds at the 
expense of the (110) {5-phase peak. Enlarged regions around 51-54° 
show the shifting of (200) P-phase peak to the right (Figures 3c and 
4c). These shifts in the peak angles to the right suggest Li depletion 
from the BCC phase and are in agreement with the reported lattice 
parameter variations in the BCC Li-Mg phase, shown in Figure 1 b.
It is also interesting to note that in the discharge curves 
(Figures 2a, 2b), the final drop in the voltage from ~1 .8  V to val­
ues <  0.5 V occurs whenever the height o f the ( 101) a  peak becomes 
comparable to that of the (200) fi phase peak (See Figures 3a and 4a). 
Therefore, it is likely that a significant fraction o f a-phase was present 
on the anode surface and this could be responsible for the final fall in 
potential after the plateau. The diffusivity of Li in the a-phase region 
is reported to be ~ 1 0 -9 to 10-10 cm2/s19 which is about 2-3 orders 
o f magnitude less than that in P-phase; hence the formation o f the 
a-phase layer can create a diffusion limitation for delithiation, which 
in turn would lead to a steep fall in the voltage.
An intriguing observation is that the alloy electrodes did not crum­
ble after complete discharge. Figures 5a and 5b show optical micro­
graphs o f the anode samples Li?Mg3 and Lij?Mg. after having dis­
charged to capacities o f 890 mAh/g and 1350 mAh/g respectively. We 
can see that the samples are intact and metallic and the Li depletion
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Figure 5. Optical micrographs of (a) LiyMg3 and (b) Li8Mg electrodes after 
having been discharged to capacities o f 890 and 1350 mAh/g respectively.
has not led to mechanical degradation. The tarnished appearance on 
the surface appears to be due to the SEI layer formed by the reaction 
between the alloys and the electrolyte. The phase transition from Li 
rich phase to Mg rich phase, as evidenced by XRI) and the mechanical 
integrity o f electrode, confirms the fact that Mg is relatively inert dur­
ing the discharge process. Thus, Mg appears to be providing a good 
host lattice for Li atoms.
Cell reversibility.— To examine the reversibility performance, 
Li(Mg) negative electrodes were cycled against LiCoC>2 using 
Swagelok cells. For comparison, these cycling tests were repeated 
with Li foil anodes. The charge discharge cycling results for the 
cell combinations: Li8M g/LiCo02 and Li/LiCoC>2 are shown in 
Figures 6a and 6b respectively. A capacity fade with cycling is ob­
served in the Li(Mg) alloy, but this was smaller than that with Li 
anode. A t the end of the 10th charging cycle, the capacity in both 
the cells is about 1 00-105  mAh/g (normalized with respect to initial 
mass of LiCoC>2 ). However, the difference between Grst cycle charg­
ing capacity and first cycle discharge capacity is higher for Li8Mg, 
indicating greater irreversible loss. This first cycle capacity loss is 
usually associated with the formation of the SEI layer on the surface 
of the electrode. It is possible that the SEI formed on the Li(Mg) con­
sumes more Li or the layer itself has a greater impedance. For the Li 
anode, this initial capacity loss is smaller, but the discharge capacity 
decreases more rapidly with each cycle. This suggests that with Li 
electrode, some Li is being lost after each Li plating cycle, possibly 
in the form of reaction with electrolyte. On the other hand, for the 
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Figure 6. Charge discharge curves o f (a) Li8Mg anode and (b) Li anode with 
LiCoC>2 cathode at a current density of 0.3 m A/cnr. The first and the tenth 
charging cycles as well as the first and the ninth discharge cycles are indicated. 
The capacities are normalized with respect to initial mass of LiCoO? cathode.
Li-Mg alloy anode, the discharge curves are more closely spaced, i.e. 
the decrease in capacity after each cycle is less. This might suggest 
that the initial SEI layer formed on the Li(Mg) electrode is more 
stable and prevents continual loss of active material due to reaction 
with electrolyte during further cycling. It would be interesting to in­
vestigate the nature of the SEI layer formed on Li(Mg) electrode. An 
electrode with a stable SEI layer is highly preferred, as it will ensure 
good capacity retention over several cycles.
Since the charge/discharge behavior for the Li/LiCo02 and the 
Li8Mg/LiCo02 cells are nearly similar, it may be inferred that Li 
insertion into Li8Mg proceeds through either Li plating or a com­
bination of alloying and plating. In order to further investigate the 
mechanism of Li insertion/deinsertion in Li(Mg), charge/discharge 
cycling of Li8Mg electrode was carried out against Li foil between 
0-0.7 V at a current density of 0.3 mA/cm2 (See Figure 7). It can 
be seen that after initial delithiation (capacity o f ~360 mAh/g), Li 
can be successfully inserted into the Li(Mg) electrode—  however, 
the lithiation capacity decreases from 37 mAh/g in the first cycle to 
14 mAh/g in the fourth cycle, as shown in the figure. This indicates 
that Li(Mg) alloy electrodes could show reversible Li storage if the 
electrode structure can be optimized.
The result shown in Figure 7 is indicative o f electrochemical alloy­
ing between Li and Li(Mg) during lithiation. The alloying potential for 
Li on pure Mg has been reported be in the range of 0.015-0.05 V.14,15 
The cell potential during lithiation is positive and close to the reported 
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Figure 7. Lithiation/delithiation characteristics o f aLigMg/Li cell cycled be­
tween 0-0.7 V at a current density of 0,3 mA/cm2, The ranges indicated in a, 
b, c and d are the lithiation capacities for the first four cycles (37, 24, 17 and 
14 mAh/g respectively).
values, thus providing evidence for alloy formation. The asymmetry 
between the charge and discharge behavior o f Li(Mg) electrodes is 
interesting and requires further investigation. The chemical composi­
tion of the electrode surface could be responsible for inhibiting the 
alloying reaction. The alloying kinetics might be improved if porous 
or nano structured Li(Mg) electrodes are employed where Li pile-up 
can be potentially reduced or avoided.
Conclusions
(1) Li(Mg) alloy electrodes of two nominal compositions, LijMg^ 
and LigMg, were successfully made in the laboratory.
(2) The Li(Mg) alloy electrodes showed a delithiation behavior 
during cell discharge which is comparable to that of pine Li 
electrode. An intriguing observation is that the plateau poten­
tial is 2 V compared to 2.5 V for Li (against M n02) which 
closely corresponded to the dealloying potential o f  Li from 
Li(Mg).
(3) A continuous and gradual phase transition from Li-rich BCC 
(5-phase to Li-lean a-phase occurred evidencing a diffusion- 
controlled Li transport process during the delithiation o f  the 
electrodes. The accompanying shifts in X-ray diffraction peaks 
were consistent with the notion of RT Li diffusion causing the 
phase transition during delithiation.
(4) The Mg-rich electrodes after discharge were structurally intact, 
suggesting Mg can act as a host for Li insertion and removal.
(5) The cyclic reversibility of the Li(Mg)-LiCoG2 cell was limited 
as indicated by the charging potential saturating to about 4  V 
over all the cycles. There was some experimental indication 
of limited alloying of Li in Li(Mg) during charging. This is 
in contrast with the smooth delithiation process where RT Li 
diffusion kinetics appears to be controlling the process. Further 
investigation would be interesting.
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CHAPTER 4
ENERGY STORAGE CAPACITY AND ELECTRO CH EM ICAL 
CYCLABILITY OF COLUMNAR SI STRUCTURES 
AS ANODES FO R  LI-ION BATTERIES
(Manuscript in preparation)
4.1 Introduction
Si is a highly desirable anode material for Li ion batteries because it offers a very 
large specific capacity (3580 mAh/g) that is about an order of magnitude higher than the 
capacity of graphite or C-based anodes1. However, the large volume expansion in Si 
during lithiation (~300% corresponding to the formation of Li22Si5) causes cracking and 
pulverization of the electrode. This leads to a progressive loss of contacts between active 
material regions as well as with the current collector, resulting in capacity fading during
1 3electrochemical charge/discharge cycling of Si - . To mitigate this problem, researchers 
have focused on designing anodes made of (a) amorphous/crystalline Si thin films 4 5, (b)
3 6 8 9 12micro/nanosized Si powders ’ " , (c) Si-based composites - , and several modifications
13 15of these materials. Architectured Si anodes consisting of Si nanowires " , Si core-shell 
nanowires16, 17 and porous Si structures18, 19 are also attracting a lot of attention, 
particularly as a way of dealing with the volume change problem of Si during lithiation.
Porous Si anodes obtained by electrochemical etching are promising because of 
the relative ease of fabrication and the control available to engineer the pore morphology.
Also, electrochemical etching of Si lends itself readily to process scale-up, which is
20necessary for successful commercialization. Shin et al. first explored the feasibility of
using one-dimensional porous Si as a negative electrode for rechargeable batteries.
21 22Thakur’s group , has investigated the lithiation/delithiation characteristics of gold
23coated porous Si films and macroporous Si particulates. Zhu et al. synthesized 
nanoporous Si networks and reported a reversible capacity of 1000 mAh/g after 200 
cycles.
While the promise of porous Si is clear, it is not known how the changes in pore
58
dimensions and other morphological changes, which are sometimes difficult to control, 
will affect the lithiation capacity and cell cyclability. There is no research in the literature 
which has systematically examined the effect of pore dimensions and morphology on 
cycling characteristics. Additionally, much of the work is inclined towards reporting 
energy capacities with little exploration into the mechanisms of lithiation of Si columnar 
spacing.
The objective of this work is to first synthesize porous Si anodes with different 
columnar morphologies (different pore size and volume fraction) and then to examine the 
effect of the structural characteristics on the lithiation/delithiation behavior. The findings 
from this work can offer insights as to how to design the optimum structure for obtaining 
the best electrochemical performance from porous Si anodes in the context of Li-ion 
batteries.
4.2 Experim ental Procedure
4.2.1 Synthesis of Porous Si
Single-side polished p-type (B-doped) Si wafers, (with (100) orientation, a 
resistivity of 1-10 ohm-cm and thickness of 375 ^m), manufactured by Silicon Quest 
International, were used in the etching experiments. The wafer was placed in the cavity of 
a Teflon beaker cell with a Pt coil acting as the counter electrode. To create an ohmic 
contact for Si, a 275 nm thick Cu layer was deposited on the back surface of the wafer by 
e-beam evaporation. The wafer was then annealed at 700°C for 2 hours to diffuse Cu into 
Si and to form a strong and conducting back layer.
The electrolyte solution is 49% HF mixed with dimethylformamide (DMF) in
24different proportions. It has been reported24 that the presence of a mild oxidizer such as
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DMF in the etch solution creates smooth and narrow pores. Also, DMF is a good solvent
25for positive charge carriers — a higher concentration of DMF increases the flux of 
holes at the pore walls, thereby increasing the pore diameter.
Different pore structures were obtained by varying the following parameters: (1) 
current density, (2) etching duration, and (3) the HF:DMF ratio. To examine the effect of 
surface roughness of Si wafer on columnar morphology, etching experiments were 
carried out on the polished surface of the Si wafer as well as the rougher caustic-etched 
back side. The etching current was controlled with the help of a Keithley 2400 source- 
meter and the voltage was monitored during the experiments. The top views and the 
cross-sections of the etched structures were examined under SEM. The SEM micrographs 
were used to estimate the void fraction in the porous structures.
4.2.2 Lithiation/Delithiation Cycling of Porous Si
The electrodes for the lithiation/delithiation cycling experiments were obtained by 
cutting out disks of area 5 mm from the etched region of the Si wafer. The Cu layer 
deposited on the rear surface of the Si wafers functioned like a current collector during 
the electrochemical charge discharge tests. A two-electrode Swagelok cell was used for 
the cycling experiments, with Li as the counter electrode and 1M LiPF6 in EC: DEC: 
DMC as the electrolyte. A Celgard 2400 polypropylene separator, soaked with electrolyte 
was placed between the porous Si and the Li foil. A current corresponding to a C-rate of 
C/10 was used in these experiments. The specific capacity, C, here is calculated on the 
basis of the porous Si mass, using the following formula:
60
C = (3580 mAh/g) x (2.33 g/cc) x (1-porosity) x (electrode area) x (average etched depth)
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where 3580 mAh/g is the specific lithiation capacity of Si at room temperature and 2.33 
g/cc is the density of Si. After 20 charge/discharge cycles, the cycled electrode was rinsed 
in DMC to remove traces of electrolyte and then was examined under SEM.
4.3 Results and Discussion
4.3.1 Porous Si S tructure
Table 4.1 shows the etching parameters used in fabricating four different porous 
structures. The four porous Si structures will be henceforth referred to as PS1, PS2, PS3 
and PS4. Table 4.2 lists the estimated pore diameter, pore fraction, and the etched depth 
for each structure. The top views and the cross-sectional views of the porous structures 
of the samples PS1 to PS4 are shown in Figures 4.1(a)-4.1(d) and Figures 4.2(a)-4.2(d), 
respectively.
It can be seen that the average pore diameters of PS1 and PS4 are nearly similar 
(about 1 ^m each). The average pore diameter of PS2 is slightly larger (1.3 ^m) and that 
of PS3 is the largest (~ 2^m). While the PS1 and PS4 have similar pore areal fractions 
(about 0.5), the PS2 has an intermediate value (0.63) and PS3 has the highest porosity 
(0.75). It appears that in PS3, the relatively higher current density might have caused a 
rapid transverse etching of Si walls, leading to pore collapse and resulting in a network of 
columns with significant connected porosity (see Figure 4.1(c)).
An interesting observation is that even though the pore structures in PS1 and PS4 
are similar to each other, for PS4 (where it was the unpolished surface that was etched), 
the porous regions are separated from each other by a network of boundaries (Figure 
4.1(d)). On the other hand, there are no such boundaries visible in PS1. It is possible that 
the relatively rougher unpolished surface of the Si wafers, which has more defects than
62









PS1 1:30 0.9 4 hrs Polished
PS2 1:10 0.9 3 hrs Polished
PS3 1:10 1.3 4 hrs Polished
PS4 1:30 1.1 4 hrs Nonpolished











PS1 1.0 8 0.52
PS2 1.3 7 0.63
PS3 2.0 9 0.75
PS4 1.0 8 0.49
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Figure 4.1 SEM micrographs showing the top views of the porous Si columnar 
structures: (a) PS1, (b) PS2, (c) PS3, and (d) PS4.
Figure 4.1 continued
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Figure 4.2 SEM micrographs showing the cross-sectional views of the porous Si 




the polished side, is responsible for the presence of these boundaries. An investigation 
into this, however, is beyond the scope of this work.
The SEM micrographs of transverse sections of Si columnar structures are shown 
in Figures 4.2(a) through 4.2(b). It can be seen that the average etch depths of all the 
structures are nearly similar, between 7-9 ^m. The columnar pore walls are thicker in 
PS4 and PS1, whereas they are thinner and possibly more fragile in PS2 and PS3.
4.3.2 Electrochemical Lithiation/Delithiation Cycling of Porous Si
The electrochemical charge/discharge results of the porous Si columnar 
structures, with Li foil serving as the counter electrode, are shown in Figures 4.3(a)- 
4.3(d). For all the structures, during the first lithiation step, the cell potential reached a 
plateau at a voltage between 0 to 0.1V. This plateau can be attributed to the 
amorphization of crystalline Si 26 in the porous regions upon alloying with Li The first 
cycle lithiation was stopped at the end of 10 hours, (because a C-rate of C/10 was used) 
and then the cell was cycled between the potential limits of 0.1-1V.
The capacity corresponding to the first cycle delithiation of Si is always less than 
the first cycle lithiation capacity (3580 mAh/g), as can be seen in Figures 4.3(a-d). This 
irreversible capacity loss is of the order of 300-1000 mAh/g and is seen in other works as
27well. This is usually attributed to loss of active material due to reaction with electrolyte , 
which presumably involves the formation of the solid electrolyte interface (SEI) layer on
Si.
The lithiation voltage curves, from the second cycle onwards, are quite different 
from the one observed in the first cycle—the sloping plateau is shifted to a higher 




Figure 4.3 Cell potential curves obtained from electrochemical charge/discharge cycling 
of (a) PS1, (b) PS2, (c) PS3, and (d) PS4 porous Si electrodes with Li as the counter 







The voltage during delithiation increases continuously from 0.1V till it reaches a
potential of 1V—this trend is characteristic of a single phase reaction and can be
•  •  28attributed to delithiation occurring from a solid solution layer of amorphous LixSi .
The variations in lithiation and delithiation capacities with cycle number for the 
four porous Si columnar structures are shown in Figure 4.4. Both the 
lithiation/delithiation capacities for PS3 fall rapidly to <150 mAh/g within the first 5 
cycles but during further cycling, the decrease is much less— by the end of 20th cycle, we 
still have a reversible capacity of ~100mAh/g. This perhaps suggests that the columnar 
network with large open porosity in PS3 is unable to efficiently accommodate the volume 
changes upon Li insertion and removal from the Si columns during cell cycling.
It is very interesting the structures PS1 and PS2 showed stable and reversible 
lithiation/delithiation capacities, in excess of 1000 mAh/g for 20 cycles. The capacities
Figure 4.4 Variation of lithiation and delithiation capacities as a function of the cycle 
number for the four porous Si electrodes
for PS1 are larger than those for PS2 by 200-400 mAh/g during cycles 3 to 15. However,
after 15 cycles, the PS1 capacities fall rapidly and by the end of the 20th cycle, both the
structures show similar charge/discharge capacities, but are still larger than 1000 mAh/g,
21which is remarkable. In comparison, Thakur et al. reported a reversible capacity of only 
76 mAh/g after 10 cycles for macroporous columnar Si electrodes without any added 
coating on the Si columnar structures. The performance of the PS4 electrode was 
intermediate between PS2 and PS3, with the capacities dropping to <800 mAh/g after 8 
cycles and then decreasing to 600 mAh/g by the end of 20th cycle.
The SEM micrographs of the cycled electrodes, shown in Figures 4.5(a) through 
4.5(d), offer further insights into the nature of capacity trends observed in Figure 4.4. 
Also, Figures 4.6 (a) and 4.6(b) show the cross-sectional views of the cycled PS3 and 
PS4 electrodes, respectively. In general, the two major possible reasons behind a decrease 
in capacities are (a) consumption of active material due to reaction with electrolyte and
27(b) structural degradation in the electrode. It has been reported that unlike many other 
anode materials, Si does not form a stable passivation layer with electrolyte, meaning 
there will be some capacity loss after each cycle due to reaction with electrolyte. This 
capacity loss will be more prominent in the initial cycles.
It appears from Figures 4.5(a) through 4.5(d) that the Si columns are reacting with 
the electrolyte to form a film. This reaction layer can be clearly seen in Figure 4.5 (a). 
The higher impedance of this thicker reaction layer could be limiting the extent of Li 
insertion and removal in the final few cycles for this structure. In the case of PS4, the 
long boundary walls present in the original etched structure are preserved (Figure 4.5(d)). 
It is interesting to note that the columnar structure is preserved, to a large extent,
71
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Figure 4.5 SEM micrographs showing the top views of the cycled porous Si electrodes 





Figure 4.6 SEM micrographs showing the cross-sectional views of the cycled porous Si 
electrodes for the samples: (a) PS3, and (b) PS4.
75
in the cycled PS3 and PS4 electrodes (Figures 4.6(a) and 4.6(b)) (even though the 
electrochemical performance of PS3 was poor). The columns appear distorted in both the 
cycled electrodes, presumably due to the volume expansions during the lithiation cycles.
4.4 Conclusions
1. Four different pore morphologies were successfully synthesized on p-type 
[100] oriented Si wafers by electrochemical etching using an electrolyte 
made of HF and DMF.
2. The electrochemical performance of two electrodes (PS1, PS2) with 
porosities between 50-65% and with a clear columnar structure were the 
best —the reversible capacities at the end of 20th cycle for these electrodes 
were in excess of 1000 mAh/g, which is significantly higher than most 
values reported in literature for Si electrodes with columnar structures.
3. The Si electrode with the largest open porosity (75%) was not able to 
provide significant cyclic lithiation and delithiation capacities (<150 
mAh/g) during cycling tests. This appears to be due to the gross 
destruction of the columnar/porous structure.
4. An important finding is that the columnar structure seems to be preserved 
in the electrodes after charge/discharge cycling, even in the case of the Si 
electrode with the poor electrochemical performance.
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CHAPTER 5
ANALYTICAL M ODELING AND SIMULATION OF 
ELECTRO CH EM ICAL CHARGE/DISCHARGE 
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A B S T R A C T
Physically-based analytical models tha t provide insights into the  diffusion and /o r interface charge 
transfer effects in bulk (lithiating/delithiating) electrodes are needed to truly assess the perform ance/ 
lim itations of electrode materials for Li-ion batteries. In this context, an analytical m odeling fram ework is 
constructed here to predict the electrochem ical charge-d ischarge characteristics during lithiation and 
delithialion of solid am orphous Si (a-Si) thin film electrodes. The fram ework includes analytical ex­
pressions tha t satisfy Fick's second law for Li transport and the requisite flux boundary conditions of 
lithiation and  delithiation steps. The expressions are derived here  by the  m ethod o f  separation of vari­
ables. They enable the determ ination of transien t Li concentration profiles in the thin film electrode as a 
function of state of charge/discharge. The tim e-dependen t electrode surface concentrations (at the 
elect rode-e lec tro ly te  interface) obtained from  these profiles w ere used to determ ine the activation 
overpotentials and thus, the  non-equilibrium  cell potentials, as a function of state of charge/discharge 
using Butler—Volmer kinetics. The sim ulated charge/discharge characteristics agreed w ell w ith the 
experim ental data of a-Si thin film electrodes obtained aL different C-rates. The model oilers insights into 
how  the  charge-discharge behavior is controlled by diffusion lim itation w ithin electrode and/or the 
activation overpotentials a t the  interface. The analytical fram ework is also shown to predict successfully 
the  hysteretic behavior of lithiation/delithiation voltage curves.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
Lithiation/delithiation characteristics o f a-Si solid electrodes in 
an electrochemical cell are ideally suited, for a number of reasons, 
for the development of physically-based models that provide a 
robust description of the electrochemical cell or battery behavior 
and performance. Firstly, other than Li, Si is the anode material that
Corresponding author. Tel.: +1 (801) 581 7197; fax: +1 (801) 581 4937. 
E-mail address: ravi chandran®utah edu (KS.R. Chandran).
offers the highest energy density (~3590  mAh g ) [1]. Secondly, 
amorphous Si (a-Si) thin film electrodes, in particular, show better 
cycling characteristics than crystalline Si (c-Si) electrodes [2,31 f 
primarily due to the continuous and single-phase reaction (LixSi 
with x < 3.75) without phase transformation and with more ho­
mogeneous volume expansions. A further advantage is the rela­
tively fast Li transport in the amorphous phase — the diffusion 
coefficient of Li in a-Si is —10 15 cm2 s-1, which is higher than that 
in c-Si (~ 1 0 -14 cm2 s-1) [4,5]. More importantly, a-Si films remain 
fully amorphous during lithiation/delithiation cycling, especially if
0378-7753/$ -  see front m atter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j-jpowsour.2013.08.092
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the film thickness is less than 1—2 jim [6|, avoiding problems 
associated with crystalline-amorphous phase transitions. The 
modeling is also practically relevant because Si thin-film based Li- 
ion batteries are attracting a lot of attention as effective energy 
storage devices in microelectromechanical systems (MEMS), 
implantable medical devices, and in other such applications [5].
While it is clear that practically useful insights into the mass 
transfer and charge transfer aspects during cell cycling can be ob­
tained by modeling, there is no specific modeling work in literature 
focusing on the charge/discharge processes in solid, or specifically, a- 
Si thin film electrode. There are several modeling works examining 
various aspects of cell/battery behavior of porous electrodes, which 
do not apply to the solid electrode situation considered here. Chan- 
drasekaran et al. 11], adopting the well-known porous electrode 
models of Newman et al. [7,8], analyzed lithiation/delithiation of 
spherical Si electrode particles within a porous electrode. Sethura- 
man et al. [9| analyzed the Tafel kinetics of lithiation/delithiation and 
the consequent irreversibilities in crystalline Si thin films but the 
transient Li concentration profiles within the electrode were not 
considered. The transient Li concentration profiles are essential for 
the accurate determination of activation overpotentials and hence, 
the overall cell potential. In general, the porous electrode approach is 
not applicable for solid thin film electrodes, and, as noted in New­
man’s review [10], a planar diffusion problem is to be solved for 
dealing with the planar reaction front characteristics of solid non- 
porous electrodes. It should be noted that even in C/graphite elec­
trodes (which are modeled sometimes using porous-electrode- 
spherical-particle framework) fabricated by binder burnout, lith­
iation was optically confirmed [ 111 to proceed by the movement of a 
planar reaction front, suggesting that the planar reaction front and 
the models based on that notion are perhaps more relevant to the Li- 
ion battery electrodes in general, than the spherical particle based 
models. Several reviews well documenting the porous electrode 
theory and modeling approaches have been published [12,131*
The objective of this research is to construct an analytical 
framework which can help to simulate easily the electrochemical 
charge/discharge behavior during lithiation/delithiation of a solid 
electrode — we demonstrate the modeling approach here using a- 
Si thin film electrode as an exemplar. Although numerical or 
COMSOL-type 3D modeling are prevalent in battery modeling, to 
generate a dear understanding of cell behavior and how it is 
impacted by the transient/interface mass transfer effects, physi­
cally meaningful analytical models will be needed. More impor­
tantly, analytic solutions that provide closed-form relationships 
between dependent and independent parameters can greatly help 
to examine parametrically the effects of the key variables with 
minimal numerical effort. In this study, we have obtained exact
analytical solutions for the mass transport equations describing Li 
transport through the planar Si electrode, while satisfying 
appropriate boundary conditions. The analytical modeling frame­
work. comprising these solutions, is used to closely simulate the 
Li-ion cell behavior and to illustrate how diffusion limitations and 
activation overpotentials affect the electrochemical performance. 
It is shown here that (i) the available experimental charge/ 
discharge data, especially for a wide range of C-rates, can be 
simulated quite well and (ii) the hysteretic effects that amplify at 
higher C-rates can be largely attributed to the electrode-diffusion 
limitations. Further, using the modeling framework, we have 
examined the effect of the Li diffusion coefficient and the standard 
rate constant for charge transfer on the lithiation/delithiation ca­
pacities at different C-rates.
2. The a-Si/Li half-cell
Fig. 1(a) and (b) shows the modeling configuration of the elec­
trochemical half-cell during discharge and charge cycles, respec­
tively. Here, a-Si is the positive electrode and Li is the negative 
electrode with a liquid electrolyte transporting Li+ ions between 
the two electrodes. The lithiation/delithiation is assumed to occur 
under a steady state flux of Li+ to and from the a-Si electrode. It is 
also assumed that the continuous insertion of Li occurs by solid- 
state diffusion within the electrode, leading to the amorphous 
solid solution of the form, LixSi, with 0 < x  <  3.75.
In the modeling approach, first, analytical solutions for transient 
Li concentration profiles within the a-Si electrode, as a function of 
state of charge/discharge, are derived. Secondly, the instantaneous 
surface Li concentrations of the electrode (at the electrode—elec­
trolyte interface), obtained from these profiles, are used to deter­
mine the corresponding activation overpotentials using the Butler— 
Volmer (B—V) equation. Finally, these overpotentials are added to 
the equilibrium charge/discharge potential to determine the actual 
potential over the period of charge/discharge.
It is to be noted that the overall cell potential is taken as the sum 
of the activation overpotential at the a-Si electrode surface and the 
electrode equilibrium potential. This is justified because the activa­
tion overpotential at the Li/electrolyte interface is very low [14] due 
to the high equilibrium exchange current density value for Li depo­
sition/removal. Further, the overpotentials associated with mass 
transport of Li+ in the electrolyte were calculated as per the Nernst— 
Planck equation [15]— they were found to be in the range of 10 — 
10-4 V, which are three orders of magnitude lower than the acti­
vation overpotential at the a-Si/electrolyte interface. Hence, the 
overpotentials at the Li/electrolyte interface and for Li+ transport 
within the electrolyte can be safely ignored for the present purposes.
V V










Fig. t. Schematic of a Li-ion cell with a-Si as positive electrode and Li as negative electrode. The transport of Li ions is shown during (a) discharge and (b) charge.
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3. Analytical models of lithiation/delithiation
Schematic transient Li concentration profiles within the a-Si 
electrode, during arbitrary lithiation and delithiation steps, are 
illustrated in Fig, 2(a) and 2(b), respectively. At any time, the 
transient profiles should satisfy Pick’s second law:
dC—  -  D - . r  
df dy2 ( 1)
where y  is the position along the thickness direction of electrode, C 
(y, [) is the Li concentration at location^ within the electrode at time 
t, and D is the diffusivity of Li in Li*Si (assumed to be constant for all
x).
First, lithiation of the electrode is considered — the initial and 
the boundary conditions are: (i) initial Li concentration is zero, (ii) 
steady state Li flux exists in the electrolyte under current I, and (iii) 
Li flux is zero at the electrode surface attached to the current col­
lector. These conditions are specified by Equations (2)-(4).






where F is the Faraday's constant, S is the surface area and L is the 
thickness of the electrode.
In the subject of heat transfer, solutions for problems with 
complex boundary conditions have been obtained using the 
method of separation of variables [16|. Using this approach, the 
solution for Fick’s law (Equation (1 )) can be written as
FS9 y |y = 0
Using the boundary condition (4) in Equation (7),




simultaneously. The general form of the solution can be repre­
sented as an infinite series. One possible solution for u (y, t), which 
satisfies Equations (1), (3) and (4), is
U(y,t) FSLf + 2DFSLiy -LY ( 10 )
Thus, the general form of C (y, t) will have to be
a y ’ f )  =2UFSLiy- i)2 + tkt+ t AM iry)
1 1 = 0
(  n2n 2 r, 
i ~ — Dtx exp
The values of coefficients An (n =  0,1, 2 ...) can be derived from 
the initial condition (2), through Fourier series expansion. The final 
solution for concentration profile, thus obtained, is:
Oy.f) —  r -----—FSL 6DFS
2ft
I
2D FSL(y - L)2
i t2DFS
( 11 )
C(y, f) l>lcos(^y) + Ssin(/ly)Jexp^ -  A2DtJ (5)
where A, A and B are to be determined using the conditions (2)—(4).
Using the boundary condition (3 )  in Equation (5  j, C(y, t  — 0) — f (y)
Equation (11) is a general expression for the development of 
transient Li concentration profiles as a function of time upon lith­
iation by steady state Li flux in the electrolyte. Next, the case of 
subsequent delithiation of the lithiated electrode is considered — 





Equation (G) can be satisfied only if B =  0, and if there is another 
function, u (y, t), such that
C\y, t) -  A cos(J.y}exp(-/2Dt) +  u(y,t) 
and that
(7)
- D * |
0y|y=O













Fig. 2. Schematic of arbitrary transient Li concentration profiles within the a-Si thin film electrodes during (a) lithiation, and (h) delithiation under a constant Li-ion flux.
82
83
M, Jagannathan, KS.R. Chandran f  Journal o f Power Sources 247 (2014) 667-675
show the Li concentration profiles during lithiation/delithiation at a 
rate of C/40 (0.0043 mA/cm2) w hereas the  profiles shown in 
Fig. 3(c) and (d) correspond to  the 1C rate (0.17 mA/cm2) of Li 
insertion and deinsertion. These profiles w ere determ ined from 
Equations (11), (16) and (17) a t various tim e steps of calculation. It 
can be seen th a t for the slower C-rate of C/40, the  surface Li con­
centration is not very different from the  bulk value (Fig. 3(a) and
(b))( due to Li equilibration w ithin the  electrode. However for the 
1C rate, the Li profiles are highly non-linear, and in non-equilibrium 
due to rapid build-up/depletion of Li a t the surface (Fig. 3(c) and 
(d)). It is also interesting to note that for the 1 C-rate of Li insertion, 
during the last step  of lithiation corresponding to the surface Li 
concentration reaching 0.312 mol cm 3, a significant portion of the 
electrode (about one-third) is yet to be Iithiated leading to under­
utilization of the storage capacity of the  electrode. Similarly, a t the 
last step of delithiation corresponding to zero surface Li concen­
tration, considerable Li is left over w ithin the electrode, under­
utilizing the Li charge available. It is also evident (Fig. 3(d)) that 
during the  discharge period, there is a little bit of redistribution of Li 
due to diffusion, especially close to the electrode back surface.
4. B utler-V o lm er k inetics
An electron transfer in a specific direction (oxidation/reduc­
tion) and  a t a specific rate can be facilitated a t the  electrode/ 
electrolyte interface only if an excess potential, beyond the 
equilibrium  electrode potential is provided [17]. The quantitative 
relationship betw een this over potential and the  oxidation/ 
reduction current is expressed by the  Butler—Volmer (B—V) 
equation. Accurate modeling of the  Li-ion cell charge/discharge 
processes requires the calculation of activation overpotentials 
through the B—V equation—this means th a t the tim e-dependent 
concentration of Li a t the  electrode surface, obtained from the 
transient electrode Li concentration profile (previous section), is 
needed. The electrochemical charge transfer during lithiation/ 
delithiation of Si is:
x Li+ + x e _ +  S i L i * S i  (18)
Taking the anodic current as positive, the  net current, according 
to  the B—V equation, is
Jnet =  /anodic -  fcathodic =  ~ eXP{ ~ ^ W ^ ) )
(19)
w here a  is the charge transfer coefficient for the anodic reaction 
(taken to be 0.5 here), rf is the activation overpotential a t the  Si 
electrode interface, and the  equilibrium exchange current den­
sity. Following the established approach [10] th a t was used for 
describing B—V kinetics in insertion electrodes, the equilibrium 
exchange current density can be w ritten as
In =  FSk [CLi*]“ [Cmax-C (0 ,n ]" [C (0 ,t)]1- (20)
where k  is the standard rate constant for the  charge transfer a t the 
electrode/electrolyte interface and is a function of the  forward and 
reverse rate constants, Cy+ is the  concentration of Li+ ions in the 
electrolyte (taken to be 0.001 m ol cm 3 here), C (0, f) is the time- 
dependent or transient concentration of Li in the Si electrode at 
the electrode/electrolyte interface and Cmax is the maximum 
possible Li concentration in the  Iithiated alloy — this corresponds 
to  the Li concentration in Li^sSi, a t w hich the  lithiation is 
considered to stop. The tim e-dependent equilibrium exchange 
current density from Equation (20) is used in Equation (19) along 
w ith  /net (or the  C-rate) to determ ine the overpotential ?? and then 
the overall cell potential.
5. Calculation p rocedure
Fig. 4  illustrates the sequence of calculations involved in simu­
lating the charge/discharge behavior using the analytical equations 
in previous sections. First, the values of input param eters (current, 
film thickness, constants related to diffusion and kinetic processes) 
are specified. Then, the  transient Li concentration profiles w ithin 
the electrode during the  lithiation and delithiation periods are 
obtained w ith  the help of Equations (11), (16) and (17). The surface 
Li concentrations, C (0, f), are determ ined from these profiles as a 
function of the  state of charge/discharge. These surface concen­
trations are then used in Equations (19) and (20) to obtain activa­
tion overpotential as a function of tim e over the charge/discharge 
period. These overpotentials are then added to the equilibrium 
half-cell potentials (w ith respect to Li/Li+) to  get the overall cell 
potential over the  charge/discharge period.
It is im portant to highlight here how  non-equilibrium  condi­
tions can develop due to  diffusion limitation of active species 
within the  solid electrode. Under equilibrium conditions, uniform 
Li concentration should exist w ithin the electrode making the Li 
concentration a t the surface facing the electrolyte necessarily equal 
to the bulk Li concentration of the electrode. Such conditions either 
exist only in a theoretical sense or are a t extrem ely low  C-rates [IS] 
(as seen in Fig. 3(a) and (b)). Under practical operating conditions, 
however, the concentration profile w ithin the electrode is highly 
non-linear (as seen in Fig. 3(c) and (d)) because of diffusion limi­
tations of Li w ithin the electrode. The electrode potential is then 
shifted w ith  respect to the equilibrium value, because the electrode 
potential varies w ith  C (0, f). The charge/discharge current is also 
affected by this deviation, through the  overpotential, ?? as in the B—
V Equation (19). Therefore, to obtain the actual potential of a-Si 
electrode, the overpotential value (positive during charge and 
negative during discharge) should be added to the equilibrium 
voltage of a-Si (with respect to Li/Li+), as a function of state of 
charge/discharge.
The calculations, as illustrated in Fig. 4, w ere performed itera­
tively until the end of lithiation/delithiation processes in order to 
obtain the cell voltage as a function of electrode capacity. The 
lithiation and delithiation processes w ere considered to stop a t the 
reaching of the limiting potentials corresponding to 0 V and 1 V vs. 
Li/Li+ respectively. The im portant input to the modeling is the 
equilibrium electrode potentials, as a function of Li content in the 
electrode — ideally this may be obtained from thermodynamic 
experiments, bu t for electrochemical purposes, galvanostatic 
charge/discharge tests, done using a-Si thin film electrodes at very 
low C-rates can be used. Here, the first cycle charge/discharge data 
at C/48 rate [6] is used as the  equilibrium voltage data. The standard 
rate constant, k, is back calculated from the reported values of the 
equilibrium exchange current density [19] (0.7—1.3 A m 2 during 
delithiation a t 0.390 V), w ith the help of Equation (20). There are no 
other adjustable param eters in the model.
6. Com parison of th e  sim ulated  and  th e  experim ental cell 
behavior
In order to validate the  model, three sets of experim ental data, 
[19—21], corresponding to the first cycle charge/discharge behavior 
of a-Si film electrodes w ith  varying thicknesses, cycled a t different 
C-rates, w ere chosen. Table 1 shows a list of the values of the pa­
ram eters used in the simulation. The value of diffusion coefficient of 
Li in a-Si films was determ ined to be about 10 13 cm2 s 1 [5,19,22], 
hence this value was used. The simulated charge/discharge po­
tentials (solid lines) of a typical electrochemical cycle are compared 
with the experim ental data (points), as shown in Fig. 5(a), (b) and
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electrode lithiation is perform ed before delithiation. Thus, any 
reduction in storage capacity due to rapid Li accum ulation at 
electrode surface (in contact w ith  the  electrolyte) a t higher C-rates 
also sets up a reduced initial capacity for th e  delithiation step. This 
is because th e  non-linear Li concentration profile w ithin th e  elec­
trode a t the last step of lithiation becom es th e  inpu t for th e  sub­
sequent delithiation, as in real battery  cycles. Thus the electrode- 
diffusion-lim itation can m utually affect lithiation and delithiation, 
which is a natural sequence o f electrode processes and can 
contribute significantly to the  capacity fading o f electrodes w ith 
repeated charge-discharge cycles. The structure of m odel/sim ula­
tions w here th e  last step of lithiation form s th e  input for th e  sub­
sequent delithiation step  allows one to  exam ine capacity 
degradation w ith the  cycling o f the  cell.
S. Effect of diffusion coefficient on lithiation/delithiation 
capacities
The m odeling fram ew ork also allows us to systematically 
exam ine the effect of electrode/interface param eters such as 
diffusion coefficient and standard  rate constants on the lithiation/ 
delithiation capacities. Fig. 8 show s the  lithiation and the  subse­
quen t delithiation capacities sim ulated for a 200 nm  thick a-Si 
electrode a t different C-rates for th e  choice o f th ree  Li diffusivity 
values: 2 x  10-13, 1 x  10-13 and 5 x  10-14 cm 2 s-1. Generally in 
literature |25,26] the estim ated diffusion coefficient of Li in am or­
phous Si is found to range anyw here betw een 10-11 and 
10-13 cm 2 s 1 — this m eans th a t considerable variation on elec­
trode capacity/perform ance can be expected solely from micro- 
structural factors th a t prim arily affect Li diffusivity in electrode. 
Although a m uch narrow er range of 5 x 10 14 to 2 x 10-13 cm2 s _1 
(yet variation by a factor of four) has been reported  recently [ 19.221, 
it is instructive to evaluate th e  effect of diffusivity on  cell behavior 
both during charge and discharge processes. In Fig, 8, it can be seen 
th a t a t the low est C-rates considered in the  sim ulation, the  lith­
iation/delithiation capacities for electrodes w ith th ree  diffusivities 
are not very different, indicating th a t any variation in electrode 
m icrostructures th a t affect Li diffusivity (in  the  above range) will 
not im pact cell perform ance at the  low est C-rates. However, at 
h igher C-rates (>C/10) th e  effect of variation in diffusivity is quite 
rem arkable — th e  capacity for the  electrode w ith  th e  lowest
diffusivity (D =  5 x  10 14 cm2 s 1) drops m ore rapidly than  th a t 
w ith th e  h ighest diffusivity (D =  2 x 10-13 cm 2 s -1). This can be 
rationalized on the  basis o f rapid Li accum ulation/depletion a t the 
electrode surface facing th e  electrolyte during lithiation/delithia­
tion steps.
An interesting observation in Fig. 8 is the asym m etry of lith­
iation/delithiation behavior a t the  h ighest C-rates. For th e  high C­
rates o f 1 C and 2 C, the  lithiation capacities o f  the a-Si electrode 
w ith D = 2 x  10~13 cm2 s 1 are quite higher than  those of the 
electrodes w ith  D = 1 x 10-13 cm 2 s_1; however, the  corresponding 
delithiation capacities of the tw o electrodes for these  C-rates are 
comparable. Although th e  last inserted transien t Li concentration 
profile form s th e  input a t th e  beginning o f the  delithiation cycle, 
the diffusion lim itation plays a significant role even at high diffu­
sivity values — tha t is. a lthough the stored capacity m ay be high, 
removable capacity is quite less if rem oved a t a faster rate. Thus, the 
effect of diffusion lim itation is m ore severe during  delithiation, 
especially a t high C-rates, due to th e  coupled effect o f reduced 
initial available (or stored) capacity and th e  rapid rate of Li 
depletion.
9. Effect of standard rate constant on lithiation/delithiation 
capacities
The standard rate constant, k, is a charge transfer param eter that 
indicates th e  kinetic facility of the  charge transfer a t the  clcctrode- 
electrolyte interface. For lithiation/delithiation to occur smoothly, 
its values should be o f the  right m agnitude and the  rate of charge 
transfer should be com m ensurate w ith  th e  Li transport w ith in  the 
electrode, if th e  electrode storage/discharge capacities are to  be 
maximized. Fig. 9 shows the  first cycle lithiation and delithiation 
capacities o f a 200 nm  thick a-Si film w ith  a Li diffusivity of 
1 x  10-13 cm2 s-1 and w ith  standard rate constant values o f 10-7 
and 10-8 cm 2,5 mol _0-5s_1, plotted as a  function o f C-rate, These 
values of the standard  constants w ere  calculated approxim ately 
from th e  range o f equilibrium  exchange current densities reported 
[19,271 for lithiation of a-Si.
As seen in Fig. 9, th e  lithiation and  delithiation capacity curves 
for the electrode w ith  k =  10-S cm2’5 m ol-0-5 s-1 appear to  be 
significantly shifted dow n w ith  respect to those of the  electrode
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Fig. 8. First cycle lithiation and delithiation capacities of a 200 nm  thick a-Si film with 
three Li diffusivity values: 2 x  10"13, 1 x 10-13, and 5  x IQ-14 cm2 s -1, plotted as a 
function of C-rate on a log-scale.
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th a t a low  value of th e  standard  rate constant for th e  lithiation/ 
delithiation reactions will adversely affect the capacities even at 
low  C-rates, unlike the  electrode-diffusion-lim itation w hich usually 
appears only a t higher C-rates.
To be m ore accurate or relevant, further experim ents or char­
acterizations o f solid electrodes are necessary to determ ine the 
values of th e  equilibrium  exchange current densities during charge 
and discharge as a function of voltage for solid electrodes in Li-ion 
cells. In tha t case, th e  standard  rate constant can be estim ated from 
a relation, such as th e  one given in Equation (20).
10. Conclusions
(1) A com plete analytical modeling fram ew ork for predicting the 
charge/discharge potential behavior of a-Si thin film electrodes 
during lithiation/delithiation processes has been developed. 
The model utilizes tw o im portant steps: (i) explicit consider­
ation of transient Li concentrations w ith in  the  electrode 
determ ined by solving diffusive m ass transport equations and 
(ii) the  determ ination of tim e-dependent activation over­
potentials, as calculated from  the Butler—Volmer equation.
(2) The sim ulated charge/discharge potential variation as a func­
tion of capacity agreed w ell w ith  the  experim ental data  of 
lithiation/delithiation voltages o f a-Si film electrodes of 
different thicknesses and different C-rates.
(3) It w as show n th a t th e  modeling can sim ulate the  hysteresis 
betw een charge/discharge voltage curves a t different C-rates 
for a-Si film electrode. The simulations dem onstrate th a t at 
higher C-rates, the increases in the electrode activation over­
potentials due to rapid Li build-up/depletion a t the electrode 
surface cause w idening of the hysteresis loop w hereas 
electrode-diffusion-lim itations lead to reduced capacities.
(4) The effect of C-rate on the lithiation/delithiation capacities was 
assessed for a-Si electrodes w ith  different diffusivities and 
standard rate constants. It w as found th a t electrode-diffusion- 
lim itation is m ore im portant during delithiation than  during 
the lithiation step, especially a t higher C-rates. A reduction in 
the  value o f the  standard rate constant, on the o ther hand, 
caused reduction in both lithiation and delithiation capacities 
a t all C-rates.
(5) The structure of m odel/sim ulations w here  th e  last step  of 
lithiation forms the  input for th e  subsequent delithiation step 
allows one to exam ine capacity degradation w ith  the cycling of 
the cell.
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CHAPTER 6
INTEGRATED ANALYTICAL MODELING AND 
SIMULATION OF ELECTROCHEMICAL 
OPERATIONAL CHARACTERISTICS 





Effective design of Li-ion batteries, including maximum utilization of storage 
capacities and their repeatability over a large number of cell cycles, can be accomplished 
only with a quantitative understanding of the electrochemical processes occurring in the 
entire cell, especially the charge/discharge characteristics. An integrated modeling 
framework that simultaneously includes the Li transport and electron transfer effects in 
both the electrodes is essential in this regard. Such modeling can provide new insights 
into the effect of each electrode on the overall cell behavior.
A large body of modeling of lithiation/delithiation characteristics of electrodes in
1 2Li-ion batteries is based on the well-known Newman’s porous electrode theory , . In 
these models, the inherent assumption is that the solid electrode consists of spherical 
particles with each particle having access to electrolyte and current collector . Li 
insertion/removal is assumed to occur by solid-state diffusion across these individual 
spherical particles4. Lithiation/delithiation is thus assumed to occur across all particles 
simultaneously, with the limiting diffusion distance being of the order of the particle 
radius. Electrolyte is considered to be in contact with all the particles throughout the 
electrode. The Li+ ion transport through the liquid electrolyte is considered to follow the 
concentrated solution theory.
The assumption of diffusion of Li through individual spherical electrode particles 
is not supported by the experimental observations. For instance, Srinivasan and Newman 
5 proposed a spherical “shrinking-core” model to describe lithiation of FePO4 particles. 
However, transmission electron microscopy6 and high-resolution electron energy loss
n
microscopy investigations of LiFePO4 electrodes reveal that the transformation from
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LiFePO4  to FePO4  occurs in a one-dimensional fashion with the phase boundary 
separating the lithiated and delithiated regions moving across the electrode as a 
macroscopic front. Also, several modeling works in literature5, 8-10 solve for Li transport 
across nanometer-sized particles, with adjusted current density values. The adjusted 
current density comes as a consequence of the assumption that the state of 
charge/discharge of a particular particle is representative of the state of charge/discharge 
of the entire electrode. Such an assumption is very difficult to justify both on theoretical 
and experimental grounds. More recently, Harris et al,n observed the motion of a planar 
lithiation front in a porous graphite electrode by in situ optical microscopy. The presence 
of such a front strongly suggests that the electrode particles closer to the separator are 
lithiated first, followed by the planar movement of the lithiation front across the electrode 
thickness and towards the current collector. Hence, the assumption of uniform current 
density across the entire electrode, as implied in the spherical particle model appears to 
be unrealistic for electrodes in Li-ion cells.
Harris et al. 11, in their work also developed a macroscale model to describe Li 
transport through the entire electrode in a planar fashion. The microscopic Li diffusion 
and migration processes through liquid phase and solid phase within the electrode were 
not considered individually. Instead, an effective diffusion coefficient value for the Li 
ions through the porous electrode was used. This model was reasonably successful in 
predicting Li transport within graphite electrode.
In view of the preceding discussion, it is clear that a macrohomogeneous model 
that considers planar Li diffusion within the electrode is a better choice to describe 
lithiation/delithiation characteristics of the electrodes in a Li-ion cell. In such
90
mathematical models, it is preferable to deal with analytical solutions for Li transport 
because they provide closed-form relationships between dependent and independent 
variables. Such relationships enable easy parametric evaluation of electrode variables that 
affect their electrochemical performance. In the context of modeling of Li-ion batteries, 
such a model can explicitly show the effect of the key parameters (e.g., diffusion 
coefficient, Butler-Volmer rate constant, electrode thickness and C-rate) on the overall 
cell performance. In the porous electrode theory, the governing equations with their 
boundary conditions are not amenable to analytical solutions and have to be solved 
numerically1. Further several assumptions and transformations have to be made to fit the 
spherical particle lithiation into the overall lithiation of the electrode, the consequences of 
which are not readily obvious.
The objective of the present work is to develop an integrated analytical modeling 
framework, to describe the electrochemical discharge behavior of a Li-ion cell consisting 
of LiFePO4 cathode and graphite anode. Such a model will enable the evaluation of the 
relative effects of the two electrodes and will help to determine the electrode effects that 
limit/enhance the electrochemical performance of the cell. Analysis of the cell behavior 
at different C-rates will help to better understand (a) which of the two electrodes limits 
the cell performance at higher C-rates, and (b) whether this limitation is caused due to 
diffusional or kinetic effects in that electrode and/or other physical aspects of the 
electrode including composition and thickness.
6.2 Model Development
The model electrochemical cell consists of LiFePO4 cathode and graphite anode 




Figure 6.1 Schematic of the electrochemical cell with LiFePO4 cathode, graphite anode
capacities of the two electrodes are matched, that is the amount of Li that can be stored is 
the same, although the electrodes will have different thicknesses. The half-cell potentials 
(vs. Li/Li+) for lithiation of LiFePO4 and for delithiation of LiC6 are individually 
calculated and then coupled to simulate the overall LiFePO4/C cell performance. In 
determining the half-cell potentials, the over potentials due to B-V kinetics of charge 
transfer at the electrolyte-LiFePO4 interface is treated in conjunction with the lithiation of 
LiFePO4. Similarly, the over potential due to B-V kinetics at the graphite-electrolyte 
interface is treated in conjunction with the delithiation of graphite. The over potentials 
associated with Li transport through electrolyte are not considered in this model, since 
they are negligible when compared with the activation over potentials and ohmic losses 
in the electrodes. Simulations are carried for different values of the current, or the C-rate, 
with C here referring to the cell capacity. This work simulates only the discharge
behavior of the cell, that is, the delithiation of lithiated graphite and the lithiation of 
FePO4 . However, using the approach outlined here, the cell behavior during recharging 
(lithiation of graphite and delithiation of LiFePO4 electrodes) can also be easily modeled 
and simulated.
6.2.1 Modeling of Lithiation of FePO4 Electrode
LiFePO4 has an orthorhombic olivine lattice, which consists of interconnected and
12distorted LiO6 and , as can be seen in Figure 6.2(a). From the structure, it is clear that 
the movement of Li along the [010] direction (or b-axis) would be preferred over other
13directions, because of the availability of one-dimensional diffusional channels 13. This 
has been experimentally verified by Nishimura et al. 14 who demonstrated, by neutron 
diffraction, that Li motion is confined to the b-axis.
At room temperature, LixFePO4 exists as two phases (Figure 6.2(b)): a Li-lean 
phase (heterosite H, denoted as a), and a Li-rich phase (triphylite, T denoted as P). The 
two phases have orthorhombic olivine structures, but with different lattice parameters15. 
During electrochemical cell discharge (or lithiation of FePO4 or a), since the a phase has 
only a limited solubility of Li (x<0.027 in LixFePO4), a P phase layer forms quickly and 
the p/a phase-boundary is driven into the electrode material in a planar fashion as more 
Li is inserted. It is obvious here that the rate of Li insertion will determine the velocity of 
the boundary movement. The lithiation of the electrode is then controlled by the 
movement of the p/a phase boundary because the kinetics of lithiation within the 
electrode should be commensurate with equilibrium phase transformation. The problem 
at hand is, therefore, the moving boundary problem of solid state diffusion with two 
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Figure 6.2 The structure and phase diagram of LiFePO4. (a) shows the orthorhombic 
structure of LiFePO4. Fe octahedra are shown in tan color, P tetrahedral in purple, Li 
atoms in green, and O atoms in red16. (b) shows the phase diagram of LixFePO4. Li is 
solid soluble at RT up to x = 0.027 about above which a two phase region (heterosite + 
tryphilite) is present. Tryphilite exists for x > 0.93 in LixFePO4. (a) is reprinted with 
permission from T. Maxisch, and G. Ceder, Physical Review- Series B-73(17), 174112, 
2006. Copyright 2006 by the American Physical Society. (b) is reprinted from J. L. 
Dodd, R. Yazami, and B. Fultz, Phase Diagram of LixFePO4, Electrochemical and Solid-
17State Letters, 9(3), A151, 2006 . Reproduced by permission of The Electrochemical 
Society.
will involve the solutions of Fickian diffusion of Li in the two phases and a Li 
conservation balance at the moving two-phase boundary. The steps involved in 
determining these solutions will be outlined in the following section.
6.2.2 Analytical Model for Li Diffusion during Lithiation of FePO4
The equilibrium lithiation of LixFePO4 has to proceed through three essential 
stages, as shown in Figure 6.3. Initially, a phase will be lithiated (Figure 6.3(a)) until the 
concentration of Li at the surface exceeds the room temperature solubility limit (Ca/ap), 
after which a thin P-phase layer will form at the surface. In this two-phase regime, the p/a 
phase boundary will advance in a planar fashion across the thickness of the electrode 
until the original a-phase regions are entirely converted to P-phase (Figure 6.3(c)). 
Subsequently, the single p-phase will be lithiated until the surface concentration exceeds 
the maximum equilibrium solubility at room temperature in that phase. Since, both the 
phases have narrow compositional ranges; much of the inserted Li and its transport is 
involved in moving the phase-boundary through the material causing a-P phase 
transformation. The mathematical equations for Li diffusion and the associated Li 
conservation balance at the moving boundary will be developed using appropriate 
boundary conditions in the following sections.
6.2.2.1 Stage I. Initial a-Phase Lithiation





















Figure 6.3 Development of Li concentration profile in LixFePO4 electrode during three 
possible stages: (a) stage I: lithiation in single phase a, (b) stage II: lithiation in two- 
phase region, along with phase boundary movement and (c) stage III: lithiation in single 
phase p
where y is the position along the thickness direction of electrode, C(y,t) is the Li 
concentration at location y within the electrode at time t and Da is the diffusivity of Li in 
the a-phase.
During lithiation of the a-phase (Figure 6.3(a)), the initial and the boundary 
conditions are: (i) initial Li concentration is zero, (ii) steady state Li flux exists in the 
electrolyte under current I, and (iii) Li flux is zero at the electrode surface attached to the 
current collector. These conditions are specified by equations (2)-(4).
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C( y, t = 0) = 0









where F is the Faraday’s constant, S is the surface area of the electrode, and Lc is the 
thickness of the electrode. Now using the separation of variables approach, the general 
solution for Fick’s law (equation (1)) can be written as
C(y, t) = [ A cos(Xy) + B sin(Ay)] exp(-X2 Dat ) (5)
y =L c
where X, A and B are to be determined using the conditions (2)-(4). Using the boundary 
condition (3) in equation (5),
IBX exp (—X Da t) = —
DFS (6)
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Equation (6) can be satisfied only if B = 0, and if there is another function, u(y,t), such 
that









Using the boundary condition (4) in equation (7),





The above equation is satisfied only if ALc = nn and du 
d y
= 0 simultaneously. The
y=Lc
general form of the solution can be represented as an infinite series. One possible solution 
for u(y,t), which satisfies equations (1), (3) and (4), is
I  Iu(y, t) = -------1 H-------------- (y  -  Lc)
FSLc 2DFSLC
(10)
Thus, the general form of C(y,t) will have to be
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C (y, t) = -----1-----(y  -  La)2 H— 1— t + Y  A n cos | y \  exp
2DFSLc FSLa n I La J
^ n 2n 2 ^   ^D t2v Lc
The values of coefficients An (n=0, 1, 2...) can be determined from the initial condition 
(2), through Fourier series expansion. The final solution for concentration profile, thus 
obtained, is:
-  ILc I  f 2 2ILc A  1 ( nn )
(y, ) “  FSLc 6Da FS + 2Da FSLC (y c) n 2 DaFS U  n2 ^  [ Lc yJ
f  n2 n 2  ^ (11) -D„t*exp
v Lc J
Equation (11) is a general expression for the development of transient Li concentration 
profiles as a function of time during the lithiation of a-phase by steady state Li flux in the 
electrolyte.
6.2.2.2 Stage II. Lithiation in a/p Two-Phase Regime
A thin layer of P-phase will form when the surface concentration of Li at the 
electrolyte-LiFePO4 interface exceeds the maximum lithium content in a phase (Ca/ap). 
After that, lithiation will occur over the a/p two-phase region (Figure 6.3(b)), with the 
inserted Li causing the movement of the a/p phase boundary into the electrode and 
towards the current collector. The Li diffusion during this two-phase regime will have to 
be solved for each of the phases separately. Following this, Li conservation/balance at the 
boundary needs to be introduced satisfying the appropriate Li compositions at either side 
of the phase boundary. Finally, combining of all these together will lead to an accurate 
description of the lithiation in the a/p two-phase region.
6.2.2.2.1 Stage II. Lithiation in P phase regions (0<y<b(t)) of the electrode.




d t p d y= d p ^ t  for y e (0, b(t)) (12)
where Dp is the Li diffusivity in the Li-rich phase and b(t) is the time-dependent location 
of the moving phase boundary. The initial condition is as follows:
C(y, 12) = Cap p  for y e (0, b(t2 )) (13)
where t2 is the time at which the P-phase layer first forms and Cap/p is the minimum Li 
solubility level in P-phase. At any time t > t2, the P-phase exists between x=0 and x= b(t).
The boundary conditions are:
C(b(t), t) = Cap /p for y e (0, b(t)) (14)
—D d C
Dp dy
= —  (15)
FS
y  = 0
It is assumed that equilibrium concentrations are maintained in the two phases on either 
side of the moving boundary. Following a similar approach as before, the solution for the 
Li concentration profile in the P phase is obtained as:
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C(y,t)  =  Cap /p -  n  ™ ( y  -  b(t) )  DpFS
(16)
for y e (0, b(t)).
Equation (16) shows the general expression for the Li concentration within the P- 
phase as a function of time and distance (Figure 6.3(b)). It is to be noted that if the 
surface concentration C(0,t) exceeds Cmax, the maximum possible Li concentration in the 
P-phase, lithiation will stop even if the two-phase boundary has not traveled through the 
entire thickness of the electrode. As a side note, this may be one of the limiting 
conditions due to lithium diffusion limitation within LiFePO4 electrode in general, which 
will lead to cell potential precipitously dropping towards zero, especially at high C-rates.
6.2.2.2.2 Stage II. Lithiation in a phase regions (b(t) < y < Lc) of the electrode.
The governing equation for Li profile within the a-phase is given by:
(17)
The initial condition for Li profile within the a-phase after the formation of a thin P-
phase layer is:
C(y, 12) = f  (y) for y e (b(t2 ),Lc) (18)
where f1(y) is the Li concentration profile in the a-phase at the end of the single-phase 
lithiation stage (Figure 6.3(a)). The boundary conditions are:
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C(b(t), t) Cc/cp for t > t2 (19)
(20)
The solution for this system of governing equation and the initial/boundary conditions is 
derived as:
Equations (16) and (21) describe the development of Li concentrations within the 
P-phase (0< y < b(t)) and the a- phase (b(t) < y < Lc) but the time-dependent variation of 
b(t) with time is still to be determined. This is accomplished by considering a Li mass 
balance across the two sides of the a/p phase boundary. The idea is that if enough Li, 
sufficient to cause lithiation of an a layer of size “dy” causes a to P phase transition, and 
has accumulated at the interface, then the boundary will displace by “dy” towards the 
current collector. In other words, for a small time step, At, the accumulation of Li at the 
interface, driven by the differences in the Li fluxes in the two phases, will result in
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advancement of the a/p boundary. Mathematically, this mass conservation can be 
expressed as:







where At is the time step and Ab is the advancement in the location of the phase 
boundary for the duration of the time step. The value of b(t) is iteratively updated in the 
simulations after every time step, A t. For these calculations, the time-dependent fluxes at 
either sides of the phase boundary are obtained from equations (16) and (21), 
respectively.
6.2.2.3 Stage III. Lithiation of P Phase
If the planar front moves across the entire thickness of the electrode, a third stage 
will be reached where there will be a single-phase lithiation in the Li-rich P-phase (Figure 
6.3(c). The equations for variation in Li concentration in the P-phase can be developed as 
per the procedure outlined for the lithiation in a-phase in stage I (equations (1-11)). The 
only difference will be that the initial condition to be considered for stage III P-phase 
lithiation will be the concentration profile (say, f2(y)) in the P phase towards the end of 
stage II.
6.2.3 Butler-Volmer Kinetics at Electrolyte/LiFePO4 Interface
Lithiation of LixFePO4, carried out at on nonequilibrium electrode at a C-rate, will 
result in the electrode potential deviating from the equilibrium potential value. This 
deviation from the equilibrium condition, called the over potential, ^  is to be estimated as
a function of state of charge (SOC) to predict the half-cell potential of LixFePO4 electrode 
vs. Li/Li+. This over potential is quantitatively estimated here using the Butler-Volmer 
(B-V) kinetics approach. The electrochemical charge transfer reaction during lithiation of 
FePO4  can be written as:
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Li+ + e- + FePO4 ^  LiFePO4 (23)
Taking the anodic current as positive, the net current, according to the B-V equation, is
In e t  —  Ia n o d ic  Ica th o d ic  —  I  „ exp
a F ^ {
R T
-exp -  (1 - a ) F V c
R T
(24)
where a is the charge-transfer coefficient for the anodic reaction (taken to be 0.5 here), ^ c 
is the activation over potential at the LixFePO4 electrode/electrolyte interface, and Ioc, the 
corresponding equilibrium exchange current density. Since, lithiation of FePO4 is a
cathodic reaction, both Inet and ^ c will have negative values. Following the established
18approach that is used for describing B-V kinetics in insertion electrodes, the equilibrium 
exchange current density can be written as:
Ioc = FSk [CLi+ ]a [Cmax -C (0 ,t)]a [C(0,t)] 1-a (25)
where k is the standard rate constant for the charge transfer reaction (equation (23)) at the 
electrode/electrolyte interface and is a function of the forward and reverse rate constants, 
CLi+ is the concentration of Li+ ions in the electrolyte (taken to be 1mol/L here), C(0,t) is 
the time-dependent or transient concentration of Li in the LixFePO4 electrode at the
electrode/electrolyte interface (and is obtained from equation (11) or (16), depending on 
whether single phase or two-phase lithiation is considered, respectively) and Cmax is the 
maximum possible Li concentration in the lithiated alloy. This corresponds to the Li 
concentration in LiFePO4, at which lithiation is considered to stop. The time-dependent 
equilibrium exchange current density from equation (25) is used in equation (24) along 
with Inet (or the C-rate) to determine the over potential ^  and then the half-cell potential, 
for LixFePO4 vs. Li/Li+.
6.2.4 Ohmic Resistance during Lithiation of LixFePO 4
Apart from the activation over potential at the electrode/electrolyte interface, 
ohmic losses due to movement of electrons through the electrode material also need to be 
taken into account. This is particularly relevant for LixFePO4 electrode because of its low 
conductivity. It is well known that the conductivity of intrinsic LixFePO4 powders is not 
high enough to function effectively as an electrode [ref] but the addition of C to the 
LixFePO4 increases the conductivity from 10-6 S/cm to 10-3-10-4 S/cm19, which is still 
lower than that of other cathode materials.
It has also been reported that the electronic conductivity of FePO4  (a) phase is
20higher than that of LiFePO4 (P) phase . This indicates that as the a phase regions in the 
electrode get converted to P phase, the overall average resistance of the electrode 
increases. The average resistance of the electrode with both the phases, Ravg, which 
depends on the location of the P-phase in the electrode (b(t)), can be calculated in terms 
of the resistivities of each phase, using the following formula:
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where Pa and Pp are the resistivities of the a and P phases, respectively. The ohmic 
potential loss, as a function of time of lithiation can then be calculated as IRavg.
The actual electrode potential of LixFePO4 during lithiation, Ec, is obtained as a 
function of SOC by subtracting the kinetic over potentials and the ohmic losses from the 
equilibrium lithiation voltage of LixFePO4, at a given SOC, i.e.,
Ec = Eeq,c - 'Hc- IRavg (27)
The equilibrium voltage, Eeq, for lithiation of LixFePO4 is obtained from the literature5. 
The activation over potentials, Hc and the ohmic losses are calculated using the equations 
(24) and (26), respectively.
6.2.5 Modeling of Delithiation of LiC6 Electrode
In a Li-ion cell with graphite/ LiFePO4 electrodes, the discharge occurs when 
graphite is delithiated and FePO4 is lithiated. For proper cell performance, the rate of 
delithiation of graphite should be commensurate with the rate of lithiation of FePO4. For 
lithiation to occur in FePO4, delithiation should occur from graphite. Hence, in this 
section, the delithiation of LiC6 electrode or lithiated graphite is modeled as a half-cell.
In this section, we model the cell discharge, i.e., the delithiation of precharged or 
lithiated graphite electrode. Lithium intercalation in graphite involves the formation of a
series of different structures, each having a specific number of graphene layers between
21the intercalated Li layers , with the final lithiated phase having the formula LiC6. For our 
model, we assume that the charged graphite at the beginning of cell discharge is in its 
fully lithiated state (LiC6). We will now mathematically model the Li diffusion/transport
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within the lithiated graphite and charge transfer processes during Li removal from this 
electrode. The equations thus obtained will be used to determine the half-cell (graphite 
vs. Li/Li+) potentials, as a function of SOC.
6.2.5.1 Analytical Modeling of Li Diffusion during Delithiation 
of LiC6
Even though discharge of LiC6 proceeds through the formation of several 
intermediate structures, including LiC12, for purposes of mathematical simplicity, we 
assume that the lithiated graphite behaves like a solid solution of the form, LixC6 with x 
varying continuously from 1 to 0. This assumption is justified because there is not much 
difference in the concentrations of Li in the different structures formed during 
delithiation. The schematic for the development of Li concentration profile within the 
graphite electrode during delithiation is shown in Figure 6.4. The governing equation for 
Li concentration within the electrode is
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dCa(.x, t) 32Ca (y , t) /* i /p. T \V > / = D ----- a Y ’  ^fo r y  e  (0,La) (28)
dt By''
where y’ is the local coordinates for the graphite electrode, with y’=0 being the 
graphite/electrolyte interface and with the current collector at y’=La. Ca (y’,t) is the Li 
concentration at a location y’ inside the electrode at time t, and D is the diffusion 
coefficient of Li in LixC6 (it is assumed to be independent of x). The initial and boundary 
conditions are as follows:
Ca( y',0) = C0 (29)
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where C0 is the maximum Li concentration in graphite, corresponding to LiC6. Following 
the same approach of separation of variables (Section 6.2.2.1) the solution for this
diffusion problem can be obtained as:




(y'-L  )2---- —
a FSLa
+
2 2 An n  _ D t
(32)
T  2 La J
t
This is the general solution for the Li concentration within the graphite electrode as a 
function of location within the electrode and time. The delithiation will stop when the
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surface concentration Ca(0,t) reaches zero.
6.2.5.2 Butler-Volmer Kinetics at Electrolyte-Graphite Interface
The Butler-Volmer kinetics approach is again used here to compute the activation 
over potential at the graphite/electrolyte interface. The delithiation reaction of LixC6 can 
be written as:
LixC6 ^  x Li+ + x e- + 6C (33)
According to the B-V first order kinetics, the net current, Inet can be written as
I n e t  —  Ia n o d ic  Ica th o d ic  —  I  „ exp o F h ,
R T
-exp
-  (1 - c )  F r / a  
R T
(34)
where Ha is the activation over potential associated with delithiation of LixC6, I0a is the 
equilibrium exchange current density for the reaction, a is the charge transfer parameter. 
The equilibrium exchange current density has a similar expression as that for LixFePO4 
electrode:
Ica = FSka [CLi+ ]c [C c-C a(0,t)]c [Ca(0,t)] 1-c (35)
where ka is the standard rate constant for the delithiation reaction, C0 the Li concentration 
in LiC6, and Ca(0,t) the instantaneous surface concentration of Li in the electrode, which 
is obtained from equation (32).
For delithiation, the net current will be positive and hence the over potential will 
also be positive. This over potential must be added to the equilibrium voltage of graphite
(vs. Li/Li+), as a function of Li composition in the electrode, in order to obtain the actual 
potential of the graphite as a function of discharge time.
6.2.5.3 Ohmic Resistance during Delithiation in Graphite
The graphite electrode has a much higher electronic conductivity than LixFePO4,
however, it is well known that the formation of the solid electrolyte interface (SEI) layer
22on the electrode surface introduces a resistance22, which needs to be taken into account 
while modeling the actual potential of the half-cell. The value of this resistance could be 
a function of the state of discharge, but for the purposes of this work, a constant value for 
it will be considered. Thus, the actual potential of the graphite during delithiation will be
Ea = Eeq,a + ^a+ IRsEI (36)
6.2.6 Electrode Parameters used in Simulation
Table 6.1 lists all the parameters used for both the electrodes (graphite and 
LiFePO4) in the simulation. The diffusion coefficient values for the LiFePO4 and graphite 
electrodes are necessarily higher than the reported values in literature. This is because in 
a macrohomogeneous model, Li diffusion is assumed to occur across the thickness of the 
electrode by planar lithiation front movement and not across individual nanometer-sized 
electrode particles. This “effective diffusion coefficient” can be argued11 to be of the 
order of the Li diffusion coefficient in organic electrolytes. This may be because in 
LiFePO4 electrodes made by a mixing carbon and FePO4 particles, Li diffusion occurs in 
three parts: C, FePO4 and the interfaces between them.
The values for the resistivities of the two phases in LixFePO4 were obtained from
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Table 6.1 List of parameter values used in the simulations
D, Li diffusion coefficient in LixC6 10-6 cm2/s
Da, Li diffusion coefficient in a phase FePO4 3x10-6 cm2/s
Dp, Li diffusion coefficient in P phase LiFePO4 5x10-7 cm2/s
kc, standard rate constant for lithiation of FePO4 5x10-5 cm25mol-05s-1
ka, standard rate constant for delithiation of LiC6 10-4 cm25mol-05s-1
Ca/aP, maximum solubility in a phase FePO4 0.0006 mol/cm3
C cpp, minimum solubility in P phase LiFePO4 0.0212 mol/cm3
Cmax, Li concentration in LiFePO4 0.0228 mol/cm3
Pa , resistivity of a-phase 2000 Q-cm
pP , resistivity of P-phase 5000 Q-cm
Lc, thickness of the LixFePO4 cathode 70 ^m
C0, Li concentration in LiC6 0.029 mol/cm3
a, charge transfer coefficient 0.5
RSEI, resistance of SEI layer on graphite 25 Q
La, thickness of the LixC anode 35 ^m
CLi+ , Li concentration in electrolyte 0. 001 mol/cm3
S, surface area 1 cm2
F, Faraday’s constant 96485 Coulombs/mol
the specified ranges for the overall conductivity of the LiFePO4  electrode material, when
23mixed with C23. An average value of the resistance of the SEI layer for graphitic anode
24was chosen, close to the reported values . The standard rate constants for both the 
reactions were back-calculated from the reported values of the equilibrium exchange
25current densities at known states of charge/discharge, respectively .
The electrode thicknesses assumed in our simulations were based on the reported 
values of the electrode dimensions in commercial 18650 LiFePO4/C cells26. With these 
dimensions, the absolute capacities of the anode and the cathode are matched in the 
cell— this requires that the thickness of LiFePO4 electrode to be twice as thick as the 
graphite electrode.
6.3 Results and Discussion
6.3.1 Development of Concentration Profiles within Electrodes
Figures 6.5(a) and 6.5(b) show the development of transient Li concentration 
profiles within LixFePO4 electrodes at different states of charge during lithiation at C/5 
and 5C rates, respectively. These profiles were obtained with the help of equations (11), 
(16) and (21). It can be seen that at lower C-rate of C/5, the p/a phase boundary moves 
throughout the entire thickness of the electrode, following which Li insertion continues to 
occur in the P-phase. At this C-rate, the electrode appears to be in a state of equilibrium, 
as evidenced by the almost constant Li concentration profile through the electrode 
thickness at the end of lithiation corresponding to near maximum lithiation capacity (155 
mAh/g).
On the other hand, for a higher C-rate of 5C, the surface concentration reaches the 





Figure 6.5 Development of Li concentration profiles during lithiation of LixFePO4 
electrode at (a) 0.2C rate and (b) 5C rate, and Li concentration profiles during delithiation 





two-phase boundary advanced through the entire electrode thickness. The concentration 
profiles are shifted from equilibrium but still linear, indicative of steady state conditions, 
which were reached due to the high value of the effective diffusivity.
Figures 6.5(c) and 6.5(d) show the variation of Li concentration within LixC6 
electrodes at different states of discharge during delithiation at C-rates of 1C and 20C, 
respectively. It can be seen that at a lower C-rate of 1C, the electrode appears to be in a 
state of equilibrium—there is not much difference between the surface and the bulk 
concentration values. At a higher C-rate of 20C, a slightly nonlinear Li profile, indicating 
a small deviation from the equilibrium state, is observed in the electrode.
6.3.2 Comparison of Simulated and Experimental 
Behavior of LixFePO4 /Li Half-Cell
Figure 6.6 shows the simulations (lines) and the experimental data (points) for the 
lithiation voltages of LiFePO4 in a half cell with Li as the counter electrode, at different 
C-rates between 10C and 1C. There is excellent agreement between the simulated curves 
and the experimentally observed voltage curves, especially in the beginning stages of 
lithiation. At higher C-rates, however, the half-cell exhibits sloping voltage profiles 
instead of the flat plateau associated with two-phase regions. This could be attributed to 
rapid Li accumulation on the electrode surface during the two-phase regime and/or due to 
greater ohmic losses with the growth of the P-phase. On the other hand, at 1C-rate, we 
see the simulated curve resembles the equilibrium condition, where we have a flat plateau 
corresponding to movement of the two-phase boundary and finally there is a sudden drop 
in voltage corresponding to lithium insertion in single P-phase. The drop in voltage 
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Figure 6.6 Simulations (lines) and experimental data (markers) for the lithiation voltages 
of LixFePO4 cathode (in a half-cell with Li as counter electrode) at different C-rates
reached the maximum Li concentration that can be inserted in FePO4 .
The simulations tend to underestimate the lithiation capacities at higher C-rates 
and overestimate the capacities at lower C-rates. This discrepancy could perhaps be 
attributed to the assumption of concentration-independent diffusion coefficient in the Li- 
rich P-phase, LixFePO4. A model which incorporates a concentration-dependent Li 
diffusion coefficient value, one that decreases with x in LixFePO4 (0.93< x <1), might 
provide the simulated data that are in better agreement with the experimentally observed 
lithiation characteristics in LixFePO4 cathode material. The Li diffusion coefficient in the
27Li-rich P-phase has been observed to decrease with increasing Li content .
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6.3.3 Comparison of Simulated and Experimental 
Behavior of LixC6 /Li Half-Cell
Figure 6.7 shows a comparison of the simulated results and the experimental data 
for the LixC6/Li half-cell voltages during delithiation of LiC6 at C-rates between 0.2C to 
20C. There appears to be good agreement between the simulated and the experimentally 
observed delithiation voltage curves. In the initial stages of delithiation, the simulated 
voltage curves reach values that are higher than the experimentally observed voltages. 
The agreement between simulations and the experimental data becomes excellent for
specific capacities >100 mAh/g. It is possible that the resistance associated with the SEI




















Figure 6.7 Simulations (lines) and experimental data (markers) for the delithiation 
voltages of LiC6 electrode (in a half-cell with Li as counter electrode) at different C-rates
Therefore, the assumption of a constant value for the SEI layer resistance in the 
simulations could be leading to higher voltages during the initial stages of delithiation.
6.3.4 Comparison of Simulated and Experimental 
Behavior of LixFePO4 / LixC6 Full Cell
Since the absolute capacities of LixFePO4 and LixC6 electrodes were matched, the 
overall cell voltage can be obtained by subtracting the delithiation voltage of LixC6 (vs. 
Li/Li+) from the lithiation voltage of LixFePO4 at corresponding states of 
charge/discharge, for a specific C-rate. The overall cell voltage as a function of discharge 
time was thus obtained here for the graphite-LiFePO4 cell.
A comparison of the simulation results with the experimental data for overall cell 
discharge at different C-rates between 0.2C to 5C is shown in Figure 6.8. Here, the cell 
voltage is plotted as a function of the absolute cell capacity, which is 5.75 Ah, in this 
case. It can be seen that the simulated cell voltage curves agree well with the 
experimental data. The local plateaus in the discharge curves at lower C-rates (0.2C and 
1C) can be attributed to the formation of different structures in graphite during 
delithiation. These plateaus are not present at higher C-rates and the discharge curves 
show a general downward sloping trend, which indicates that the shape of the discharge 
curves at higher C-rates is controlled more by the discharge characteristics of LiFePO4 
cathode than by the delithiation of graphite. The simulations agree well with the 
experimental data towards the initial stages of cell discharge but towards the end of 
discharge, the experimentally observed voltages drop more smoothly. It is not clear if this 
difference at the end of cell discharge occurs due to higher ohmic resistance at the end or 















Figure 6.8 Comparison of the simulated cell voltage data (lines) with the experimental 
data (markers) corresponding to the discharging of LixFePO4  / LixC6 cells at different C­
rates
discharge capacities in the simulations do appear to be determined by diffusion 
limitations within LixFePO4  cathode, and not in the graphite anode, because the final drop 
in the discharge voltages was associated with the surface Li concentration reaching the 
maximum possible value in the P-phase in LiFePO4 electrode.
6.4 Conclusions
1. Analytical models that enable mathematical simulation of one- 
dimensional-Li-transport and electron transfer in LixFePO4 cathode and 
LixC6 anode have been developed. The models include a proper 
description of phase boundary movement within LiFePO4 electrode upon
lithiation and thus provide an accurate modeling of lithiation processes. 
The simulated results showed good agreement with experimental data for 
the time-dependent half-cell potentials of graphite and LiFePO4  
electrodes.
2. The simulation results of lithiation and delithiation in LixFePO4 /Li and 
the LixC6 /Li half-cells were coupled together to predict the discharge 
voltage in the overall LixFePO4  / LixC6 cell, that was capacity-matched. 
This means that the present model simulates the cell behavior very well. 
This should greatly facilitate examination of the effects of various cell 
parameters analytically to optimize and design Li-ion cells.
3. It was found that diffusional transport limitations of Li in the LixFePO4  
electrode during lithiation determined the overall discharge capacity of the 
cell. The electrochemical performance of the graphite was better at higher 
C-rates and hence, the anode was not the limiting factor in the overall cell- 
discharge experiments.
4. It appears that the agreement between the simulations and the 
experimental data for the LixFePO4 lithiation and delithiation of LixC6 can 
be improved if (a) a concentration-dependent Li diffusion coefficient in 
the Li-rich P-phase in LixFePO4 can be incorporated in the simulations, 
and (b) if a time-varying SEI layer resistance in graphite anode is 
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7.1 Conclusions from Experimental W ork
The conclusions that can be drawn from the work involving synthesis and 
electrochemical testing of Li-Mg alloy anodes for high capacity Li-ion batteries are as 
follows:
1. Li(Mg) alloy electrodes of two nominal compositions, Li7Mg3 and Li8Mg, 
were successfully synthesized in the laboratory. The Li(Mg) alloy 
electrodes showed a delithiation behavior during cell discharge which is 
comparable to that of pure Li electrode.
2. A continuous and gradual phase transition from Li-rich BCC P-phase to 
Li-lean a-phase occurred, evidencing a diffusion-controlled Li transport 
process, during the delithiation of the electrodes. The accompanying 
shifts in X-ray diffraction peaks were consistent with the notion of RT Li 
diffusion causing the phase transition during delithiation.
3. The Mg-rich electrodes after discharge were structurally intact, suggesting 
Mg can act as a host for Li insertion and removal.
4. The cyclic reversibility of the Li(Mg)-LiCoO2 cell was limited as 
indicated by the charging potential saturating to about 4V over all the 
cycles. There was some experimental indication of limited alloying of Li 
with Li(Mg) during charging.
The conclusions from the work involving synthesis and electrochemical testing of 
porous Si columnar structures can be summarized as follows:
1. Four different columnar morphologies were successfully synthesized on p- 
type [100] oriented Si wafers by electrochemical etching using an
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electrolyte made of HF and DMF.
2. The electrochemical performance of two electrodes with porosities 
between 50-65% and with a clear columnar structure was the best —the 
reversible capacities at the end of 20th cycle for these electrodes were in 
excess of 1000 mAh/g, which is significantly higher than most values 
reported in literature for Si electrodes with columnar structures.
3. The Si electrode with the largest open porosity (75%) was not able to 
provide significant cyclic lithiation and delithiation capacities (<150 
mAh/g) during cycling tests. This appears to be due to the gross 
destruction of the columnar/porous structure.
4. An important finding is that the columnar structure is preserved in the 
different Si electrodes after charge/discharge cycling. The electrochemical 
performance appears to be clearly linked to the morphology of the 
columns.
7.2 Conclusions from Theoretical Modeling W ork
The first part of the modeling work which involved analytical modeling and 
simulation of electrochemical charge/discharge characteristics of a-Si thin film anodes 
led to the following conclusions:
1. A complete analytical modeling framework for predicting the 
charge/discharge potential behavior of a-Si thin film electrodes during 
lithiation/delithiation processes was developed. The model utilizes two 
important steps: (i) explicit consideration of transient Li concentrations 
within the electrode determined by solving diffusive mass transport
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equations and (ii) the determination of time-dependent activation over 
potentials, as calculated from the Butler-Volmer equation.
2. The simulated charge/discharge potential variation as a function of 
capacity agreed well with the experimental data of lithiation/delithiation 
voltages of a-Si film electrodes of different thicknesses and different C­
rates.
3. It was shown that the modeling can simulate the hysteresis between 
charge/discharge voltage curves at different C-rates for a-Si film electrode. 
The simulations demonstrate that at higher C-rates, the increases in the 
electrode activation over potentials due to rapid Li build-up/depletion at 
the electrode surface cause widening of the hysteresis loop, whereas 
electrode-diffusion-limitations lead to reduced capacities.
4. The effect of C-rate on the lithiation/delithiation capacities was assessed 
for a-Si electrodes with different diffusivities and standard rate constants. 
It was found that electrode-diffusion-limitation is more important during 
delithiation than during the lithiation step, especially at higher C-rates. A 
reduction in the value of the standard rate constant, on the other hand, 
caused reduction in both lithiation and delithiation capacities at all C-rates.
The conclusions that emerge from the theoretical work involving integrated 
analytical modeling and simulation of discharge characteristics of a full graphite/LiFePO4 
cell are:
1. Analytical models that enable mathematical simulation of one- 
dimensional-Li-transport and electron transfer in LixFePO4 cathode and
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LixC6 anode were developed. The models include a proper description of 
phasve boundary movement within LiFePO4 electrode upon lithiation and 
thus provide an accurate modeling of lithiation processes. The simulated 
results showed good agreement with experimental data for the time- 
dependent half-cell potentials of graphite and LiFePO4  electrodes. The 
simulated results agreed well with the experimental data for full cell 
(LixFePO4 / LixC6 cell) discharge as well.
2. It was found that diffusional transport limitations of Li in the LixFePO4  
electrode during lithiation determined the overall discharge capacity of the 
cell. The electrochemical performance of the graphite was better at higher 
C-rates and hence, the anode was not the limiting factor in the overall cell- 
discharge experiments.
3. It appears that the agreement between the simulations and the 
experimental data for the LixFePO4 lithiation and delithiation of LixC6 can 
be improved if (a) a concentration-dependent Li diffusion coefficient in 
the Li-rich P-phase in LixFePO4 can be incorporated in the simulations, 
and (b) if a time-varying SEI layer resistance in graphite anode is 
considered while accounting for the ohmic losses in the anode.
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